
TwoCaseStudiesofLong-RangeTransport

ofSulfurDioxideintheUpperTroposphere

Dissertation

derFakultätfürPhysik

derLudwig–Maximilians–UniversitätMünchen

vorgelegtvon

AnjaReiter

ausMünchen

2017



Erstgutachter:Prof.Dr. Mark Wenig

Zweitgutachter:Prof.Dr.ChristophKottmeier

DatumderAbgabe:27.06.2017

DatumdermündlichenPrüfung:10.11.2017

angefertigtamInstitutfürPhysikderAtmosphäre

DeutschesZentrumfürLuft-undRaumfahrt

Oberpfaffenhofen

Betreuer:Dr.HansSchlager



Kurzfassung

IndieserArbeitwirdderdurchTiefdruckgebieteinduzierteinterkontinentaleTrans-
portvonSchwefeldioxid(SO2)inderoberenTroposphäreuntersucht.ImFokus
stehenflugzeuggetragenein-situ-MessungeninLuftmassenmitstarkerhöhtemSO2-
MischungsverhältnisüberzweiimAllgemeinenemissionsarmenRegionenderSüd-
bzw.Nordhemisphäre.DerEintragderVerschmutzungwirdaufLangstreckentrans-
portausdominantenEmissionsregionenderjeweiligenHemisphärezurückgeführt.

SO2-MessungenanBorddesForschungsflugzeugsDLRFalconD-CMETwurden
miteinemchemischenIonisations-Ionenfallenmassenspektrometervorgenommen
(Nachweisgrenze≤25pptv). ZurgesamtheitlichenEinordnungwerdenaußerdem
meteorologischeInformationensowieAerosol-,CO-undO3-Datenanalysiert. Um
dieQuellenderverschmutztenLuftmassenzuermitteln,werdenDispersions-und
Trajektorienrechnungen mitdem HYbridSingle–ParticleLagrangianIntegrated
Trajectory(HYSPLIT)-Modelldurchgeführt.

IndererstenFallstudiewirderstmaligeinendurcheinTiefdruckgebietinduzierten
LangstreckentransportvonSO2indersüdlichenHemisphäreimZusammenhang
mitin-situ-Beobachtungenanalysiert.ImJuli2014wurdendieverschmutztenLuft-
massenininsgesamt6TagenausbodennahenQuelleninSüdafrikadurcheinen
WarmConveyorBeltindieobereTroposphäregetragenundanschließendüber
denIndischenOzeanundAustralienbisnachNeuseelandtransportiert.FünfVer-
schmutzungsfahnenwurdenzwischen9.1und11.0kmHöheüberdersüdlichenInsel
Neuseelandsbeprobt.IneinerLuftmassezwischen9.5und10.5kmHöhewurde
dasmaximale(mittlere)SO2-Mischungsverhältnisvon390(260)pptvbeobachtet.
EinVergleichderMessungenmitBerechnungendesglobalenECHAM–MESSyAt-
mosphericChemistry(EMAC)-ModellszeigtinsgesamteineguteÜbereinstimmung
fürCOandO3.LokaleSO2-ErhöhungenwerdenjedochbisumdieHälfteunter-
schätzt.

DiezweiteFallstudiediskutierterstmalsbasierendaufin-situSO2-Messungenden
direktenTransportwegvonLuftmassen,dievoneinemTiefdruckgebietin Ost-
asienaufwärtsgetragenundüberdenArktischenOzeanindieeuropäischeArktis
transportiertwurden.ImDezember2013wurdenüberSkandinaviensiebenVer-
schmutzungsfahnenzwischen5.5und9.2kmHöhevermessen,wobeidasmaximale
(mittlere)SO2-Mischungsverhältnisvon1020(490)pptvineinerLuftmassezwischen
7.3und8.3kmHöhebeobachtetwurde.Eswirdaufgezeigt,dassfürdenEintrag
vonSO2indieobereTroposphärederArktisnebenanthropogenenEmissionenauch
vulkanischeAktivitäteninOstasieneineRollespielenkönnen.



Abstract

Thisstudyinvestigatesthecyclone-inducedintercontinentaltransportofsulfurdiox-
ide(SO2)intheuppertroposphere.Itisfocusedonairbornein-situ-measurements
inplumeswithstronglyenhancedSO2mixingratiosoverregionsinthenorthern
andsouthernhemisphererespectivelywithgenerallylowemissions.Uptakeofpol-
lutionisattributedtolong-rangetransportfromdominatingemissionregionsinthe
respectivehemisphere.

SO2measurementsonboardtheresearchaircraftDLRFalconD-CMETwereob-
tainedusingachemicalionizationiontrapmassspectrometer(limitofdetection
≤25pptv).SO2dataiscomplementedwithmeteorologicalinformationaswellas
aerosol,COandO3data.Inordertotrackthesourcesoftheemissionsbothdisper-
sionaswellastrajectoryanalysisareconductedusingtheHYbridSingle–Particle
LagrangianIntegratedTrajectory(HYSPLIT)model.

Thefirstcasestudyanalyzesforthefirsttimecyclone-inducedlong-rangetrans-
portofSO2inthesouthernhemisphereinassociationwithin-situobservations.In
July2014,over6dayspollutedairmasseswereliftedfromground-basedsources
inSouthernAfricabya WarmConveyorBeltintotheuppertroposphereandwere
subsequentlytransportedovertheIndianOceanandAustraliatoNewZealand.
FiveSO2plumeswereprobedatbetween9.1and11.0kmaltitudeovertheSouth
IslandofNewZealand.Amaximum(average)SO2mixingratioof390(260)pptvat
9.5–10.5kmaltitudewasobserved.Acomparisonofmeasurementswithcalculations
usingtheglobalECHAM–MESSyAtmosphericChemistry(EMAC)modelshowsa
goodagreementoverallforCOandO3. However,SO2enhancementswerelocally
underestimatedbyuptoafactorof2.

Thesecondcasestudydiscussesforthefirsttimethedirecttransportpathofair
parcelsliftedbyacycloneinEastAsiaandtransportedacrosstheArcticOcean
intotheEuropeanArcticbasedonin-situdata.InDecember2013,sevenplumes
atbetween5.5and9.2kmaltitudewereprobedoverScandinavia. Themostpol-
lutedairmassshowedamaximum(average)SO2mixingratioof1020(490)pptv
at7.3–8.3kmaltitude.ItisemphasizedthatfortheuptakeofSO2intotheupper
ArctictropospherenexttoanthropogenicemissionsvolcanicactivitiesinEastAsia
couldalsobeofrelevance.
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1ResearchStatus

Sulfurdioxide(SO2)isoneoftheprimaryindustrialpollutants. Mainlybyacting

asaprecursorforsecondaryaerosol,SO2emissionsbothposeahazardtoresidents

andthelocalenvironmentandinfluenceclimateonaglobalscale.Humanactivities

producemostoftheglobalsulfuremissionsreleasedintotheatmosphere.

Becauseofitsrelativelyshortatmosphericlifetimeofonlyafewdays,tropospheric1

SO2mixingratioshavealargespatialvariabilityintheatmosphere. Mixingratios

easilycover3ordersofmagnitude(10pptv–10ppbv2).Itisnecessarytodetermine

theSO2distributionthoroughlyinordertounderstandthesulfurcycleproperlyand

toquantifyitsinfluenceonpeopleandonclimate. Mostsulfursourcesarelocated

atgroundlevel[Batesetal.,1992,ChinandJacob,1996].However,ifpollutedair

parcelsareliftedoutofthePlanetaryBoundaryLayer(PBL),anincreasedlifetime

inthefreetroposphereallowsforlarge-scaledistributionandintercontinentallong-

rangetransportofSO2overthousandsofkilometers. ThenlocalemissionofSO2

leadstoclimaticresponsesonglobalscales.

Atmid-latitudes,airmassesarefrequentlyliftedfromgroundleveltotheupper

troposphereinawarmandmoistairstreamarisingincyclones,aso-called Warm

ConveyorBelt(WCB).Inearlystudies, WCBresearchfocusedmainlyonmete-

orologyanddynamics[Browningetal.,1973,Greenetal.,1966,Harrold,1973].

Inthelastdecade,therehasbeengreaterinterestinpollutiontransportby WCB

upliftintothefreetroposphere. Althoughtheassociatedwashoutin WCBsre-

movesaerosolandsolublegases,theirconcentrationsin WCBoutflowscanstillbe

1Thecharacteristicsoftroposphereandstratosphereareexplainedinsection2.3.1.
2SO2hasamolecularweightof64.06g/mol,thusitholds:

1µg/m
3
≈0.4nmol/mol=0.4ppbv=400pptv

1000pptv=1ppbv=1nmol/mol≈2.7µg/m
3

1
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stronglyenhancedcomparedtouppertroposphericbackgroundvalues[Parketal.,

2005].Pollutionplumesthenoftentravelalongwiththewesterlywinds,e.g.from

EastAsiatoNorthAmericatoEuropeorfromSouthAfricatoOceania.

Inthenorthernhemisphere,(WCB)pollutionpathwaysfromAsiatoNorthAmer-

icaarewellstudied[Clarisseetal.,2011,Cooperetal.,2004,Dingetal.,2015,

Liangetal.,2004,vanDonkelaaretal.,2008],aswellasfromAsiatoEurope

[Fiedleretal.,2009b,Groussetetal.,2003]. WCBupliftinNorthAmericaand

subsequenttransporttoEuropehasalsobeenobservedseveraltimes[Arnoldetal.,

1997,Huntrieseretal.,2005,Speidel,2005]. Arnoldetal.[1997]measureanen-

hancementinSO2ofupto3ppbvat9kmaltitudeoffthecoastofIreland. The

plumeoriginatedfromtheNorthAmericaneastcoastboundarylayerandovercame

apressurechangeof≈500–600hPawithin48hours.Roigeretal.[2011b]describea

casestudyofWCBlong-rangetransportfromEastAsiatoGreenland.Cahill[2003]

reportAsianaerosoltransporttoAlaska.Stohletal.[2003]investigatetransport

fromdifferentregionscontributingtoArcticpollutionlevels. Theyfindthatthe

Asiatracerexperiencesboththestrongestverticalandmeridionaltransportofall

northernhemispherecontinents. Transporttowardthenorthpolepeaksinwin-

ter.FriedmanandSelin[2016]reportthatmid-latitudinalpolychlorinatedbiphenyl

emissionscontributesubstantiallytoArcticcontamination,mainlyatfreeandup-

pertroposphericaltitudes.However,observationsofSO2transportfromEastAsia

tothesub-Arcticregionhavenotbeenreportedsofar;althoughimportofSO2

emissionsintotheArcticisofparticularimportance:SO2potentiallyformssulfate

aerosolandtheArcticclimatezoneisespeciallysensitiveregardinginitialtempera-

turechanges.Increasingtemperaturesareaccompaniedbyalossofseaice–and

theaccompaniedlossinalbedoboostssolarenergyabsorptionandthustemperature

increase[Cohenetal.,2014]. Overall,thisregionhaswarmedmuchmorerapidly

sincethe1970s(about+1.5K)comparedtotheglobalmeantemperatureincrease

[ShindellandFaluvegi,2009].Yangetal.[2014]findthatareductionofsulfateis

mainlyresponsibleforanincreaseinEuropeanArctictemperature.Asimilarfind-

ingby Wobusetal.[2016]statesthatArcticcoolingfromreducedblackcarbonis

morethanoffsetbywarmingfromreducedSO2acrossallofthemitigationscenarios

developedintheIntergovernmentalPanelonClimateChange(IPCC)Assessment

Report(AR)5. Detaileduppertroposphericobservationsinthissecludedregion

2
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areneededinordertofurtherunderstandSO2importintotheArctic.

Airbornestudiesofpollutionupliftandsubsequentlong-rangetransportinthe

southernhemispherearesparse. SincesouthernAfricaisanemissionhotspot,

transportofpollutionplumesfromSouthAfricatoAustraliahasbeeninvestigated

withmodels[Sinhaetal.,2004,TysonandPreston-Whyte,2000]aswellasob-

servedwithsatellites[Hermanetal.,1997,Paketal.,2003,Wenigetal.,2003,Zien

etal.,2014].However,transportofSO2fromSouthAfricatoAustraliaorevenNew

Zealandhasnotbeenreported.In-situdatameasuredoverNewZealandwouldbe

valuableinordertoinvestigatelong-rangetransportofSO2intothisremoteregion.

Theywouldalsogiveanextensiveinsightintothechemicalcompositionoftheupper

troposphere,whichisnecessaryforadetailedanalysisofthetransportpathways.

Intheatmosphere,underlyingprocessesarecomplex,andexperimentsareseldom

reproducible.Itisnecessarytobreakdownthebigpictureintomanageabletasks.

Thefollowingthreeobjectivesareofmajorinterestforthescientificcommunityin

thegivencontext:

Extendin-situdatasetofuppertroposphericSO2mixingratios

SO2moleculesunderliecomplexlossprocessesintheatmospheresuchaschemical

reactions,deposition,washoutorparticleformation.Someoftheseprocessesare

stilldifficulttorepresentinmodels.ObservationsofSO2concentrationsafterlong-

rangetransport–whenairmasseshaveexperiencedcertainlossprocesses–provide

valuabledatasetsthatmodelscanbeevaluatedwith. Theuppertroposphereis

noteasilyaccessiblewithmeasurementplatforms.Althoughexpensiveinoperation,

researchaircraftarewellsuitedtoinvestigateuppertroposphericphenomena. A

comprehensivesuiteofinstrumentsensureshigh-qualityin-situdataoftherelevant

tracespecieswithbothhighhorizontalandverticalresolution.Inparticular,there

isastrongneedforin-situobservationsofSO2inthesouthernhemisphere,since

dataisextremelysparse.

Investigatelong-rangetransportpatternfromstrongSO2sources

Tobeabletoestimatetheclimateimpactfromstrongemissionhotspots,itis

necessarytoinvestigatethelong-rangetransportpatternoriginatingfromthese

regions.Althoughthereexistdominantpatternsthatgoverntheatmosphericflows,

3
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dynamicsituationsarehighlyvariable.Exceptionstoexpectedpathwayshavetobe

pointedout,especiallywhentheemissionsmayhaveaconsiderableimpactinthe

destinationareabecauselocalemissionsarelowcomparedtothepossibleimpactof

importedemissions.

ConstrainupliftofSO2emissionsin WCBs

RegardingSO2,theuppertroposphericregionisofspecialinterestbothregarding

theradiativebudgetandtracespeciesexchangeacrossthetropopause.Frequently

occurringatmosphericphenomenathatimportSO2fromtheboundarylayerto

theuppertroposphere/lowerstratosphere(UTLS)altitudeshavetobeconfined

regardingtheirtracegastransportcapabilities. WCBsdominatetheverticallifting

patternatmid-latitudeswherepollutionpredominantlyoccurs.Sincetheunderlying

chemicalandphysicalprocessesarerathercomplex,constraintsareneededespecially

regardinglifetimeandscavengingofSO2.

Inordertocontributetothesetopics,thisworkiscomposedofthefollowingparts:

SulfurDioxideintheAtmosphere

ThischapterwilljustifywhyscientistsengageinatmosphericSO2research.Thefirst

sectionwillinvestigatetheimpactonenvironmentalhealthandclimate.Afterwards,

thekeyaspectsofatmosphericlong-rangetransportofSO2aredescribed:sources,

majortransportpatternsandsinksofSO2aresummarizedinordertoexplainthe

atmosphericSO2distributionanditslargevariability.

AirborneIn-situ MeasurementsandPlumeTransport Modeling

Comprehensiveinformationisprovidedaboutthemethodsusedforanalysisofthe

twocasestudiesconcerninglong-rangetransportofSO2emissions.First,theair-

bornetracermeasurementtechniquesareintroduced.Inparticular,adetailedde-

scriptionofhigh-qualitySO2measurementswithChemicalIonizationMassSpec-

trometry(CIMS)isgiven.TransportpathswereanalyzedwiththeHYbridSingle–

ParticleLagrangianIntegratedTrajectory(HYSPLIT)model.Twoemissioninven-

toriesareintroducedforthedispersionmode. Finally,thesettingsfortrajectory

calculationsaredescribed.

Long-RangeTransportStudiesofSulfurDioxide

TwocasestudiesdealwithSO2long-rangetransportfromemissionhotspotsin

4
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thenorthernandsouthernhemisphere,respectively.Theconsiderableinfluenceon

theotherwiselowbackgroundmixingratiosintheArcticandinOceaniaisshown.

Thischapterprovidestheobservationsobtainedaswellasathoroughanalysisof

theunderlyingtransportpattern.Constraintsonthecasesareinvestigatedandthe

significantcontextofthesestudiesisdiscussed.

ConclusionsandPerspectives

Thischaptersummarizestheresultsandidentifiesfurtherperspectivesonhowto

pursuethiswork.

5





2SulfurDioxideintheAtmosphere

First,thischapterwillunderlinetheimportanceofSO2forscientificresearch.Its

impactonhumanandenvironmentalhealthaswellasonclimateisdescribed.Af-

terwards,thekeyaspectsofatmosphericlong-rangetransportofSO2emissionsare

introduced–suchassources,transportpatternandlossprocesses.

Figure2.1:Illustrationofstagesnecessaryfortheinitiationoflong-rangetransport
ofpollution:Low-levelemissions,effectiveuplift,andsubsequenthigh-leveltrans-
port. MajoratmosphericlossprocessesofSO2moleculesaredenotedinitalic.

Figure2.1illustratesthethreestagesnecessaryforbeingabletoobserveground-

basedSO2emissionsatuppertroposphericaltitudes.Atfirst,stronglow-levelemit-

tershavetoproducepollutionplumesthatcanbedistinguishedfromatmospheric

backgroundmixingratios. Thus,naturalandanthropogenicSO2sourcesarede-

scribed,withanemphasisontwomajoremissionhotspotsrelevanttotheupcom-

inganalysis.BecauseofthelimitedlifetimeofatmosphericSO2,theliftingprocess

hastohappenwithintimescalesofhourstoafewdays.But,oncelifted,thepol-

lutedairparcelsenterstrongwindfieldsatuppertroposphericaltitudesandcan

7



2SulfurDioxideintheAtmosphere

betransportedoverthousandsofkilometers.Asindustrialemissionsarestrongat

mid-latitudes,majortransportpatternswithrespecttoverticalliftingandhorizon-

taltransportpatternarediscussedinparticularasregardstheseregions.Finally,

themainsinksduringthethreestagesoflong-rangetransportareinvestigated: Wet

anddrydepositionmaydiminishemissionsalreadyclosetothesourceregion;scav-

engingduringupliftoftenremovescertaintracegasesandaerosol;and(chemical)

removalanddilutionprocessestakeplace.InthespecialcaseofSO2,nucleation

andcoagulationcontributetoaerosolformationalongthepathway.

O

S 143.1 pm

119°
O

2.1EnvironmentalImpactofAtmosphericSulfurDioxide

Figure2.2:SO2:Acovalentplanar
moleculewithabondangleof119°.

SO2isacolorlessgaswithapungentand

irritatingodor. Figure2.2showsits mo-

lecularstructure. TheinfluenceofSO2on

theatmosphereistwofold:Ontheonehand,

emissionsharmtheenvironmentregionally;

ontheotherhand,itactsasaerosolpre-

cursorandassuchhasaglobalimpacton

climate.

2.1.1RegionalImpactonHumanandEnvironmentalHealth

InhighconcentrationsSO2irritatesskinandtissuesandthemucousmembranes

oftheeyes,nose,andthroat[AgencyforToxicSubstancesandDiseaseRegistry

(ATSDR),1998, WorldHealthOrganization,2006]. The WorldHealthOrgani-

zation(WHO)AirQualityGuidelinesstatethat24-hour-exposureshouldnotex-

ceed20µg/m3(7.5ppbv)[KrzyzanowskiandCohen,2008].InEuropeancities,this

guidelineisusuallymet. AnnualEuropeanmeanSO2levelsareingeneralbelow

50µg/m3(20ppbv),inruralareasevenbelow5µg/m3(2ppbv)[WorldHealthOrga-

nization,2006].Backgroundvaluesarenormallyintherangeof20pptv.However,

e.g.inChinesecitiesSO2concentrationsoftenexceedthisvalueandrangebetween

20and200µg/m3(8–80ppbv)[WorldHealthOrganization,2006]. Measurements

8
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inthePearlRiverDeltainChinaevenreachedSO2mixingratiosofmorethan

100ppbv[Dickersonetal.,2007].

SO2emissionsalsocontributetoconcentrationsoffinemodeParticulate Matter

(PM),so-calledPM2.5,denotingparticleswithdiameters<2.5µm.PMiscomprised

ofinhalableparticlesthatpenetratethethoracicregionoftherespiratorysystem.

The WHOAirQualityGuidelinesstatethatPM2.5annualaverageconcentrations

shouldnotexceed10µg/m3[KrzyzanowskiandCohen,2008]. But,whereasin

Europe(10–20µg/m3)andtheUSA(5–15µg/m3)annualPM2.5concentrationsare

closetotheselevels,innorth-easternChinameanconcentrationsof60–90µg/m3

werefoundbetween2001and2006[vanDonkelaaretal.,2010]. Healthhazards

includerespiratorydiseases,suchasaggravationofasthma,andincreasedmortal-

ityfromcardiopulmonarymorbidityaswellasfromlungcancer.Thus,long-term

exposuretoPM2.5isassociatedwithanincreaseinthelong-termriskofcardiopul-

monarymortality(6%)andlungcancermortality(8%)per10µg/m3ofPM2.5[Pope

IIIetal.,2002].Lelieveldetal.[2015]estimatetheglobalmortalityin2010related

toPM2.5toaround3.15millionpeople.

SO2emissionsnotonlyimpacthumanhealthbutalsoposeathreattotheenvi-

ronment. Depositionofwetanddryacidiccomponents(‘acidrain’)resultsfrom

reactionsofSO2ornitrogenoxidewithwatermoleculesintheatmosphere. Acid

rainharmsvegetationaswellasaquaticfloraandfaunaormicrobesthatcannot

toleratelowpHlevels,thusreducingbiodiversity[BhargavaandBhargava,2013].

WhereasinEuropeandtheUSA,thankstoareductioninemissions,acidrainis

nolongeraprominentissue,industrializedregionsinsouth-easternChinastillshow

verylowpHvaluesof<4.51[Larssenetal.,2006, WangandHan,2011].Inregions

withadevelopingeconomy,normallylinkedwithincreasingemissions,acidification

posesaproblem.

2.1.2GlobalImpactonClimate

Ambientmoleculesandparticlesinfluencetheearth’sradiativebudgetbyreflecting

incomingsolaroroutgoingterrestrialradiation. Well-mixedgreenhousegasessuch

1comparedtopHvaluesofcleanrainof5.6

9
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ascarbondioxide(CO2),nitrousoxide(N2O)ormethane(CH4)therebydominate

thepositivecontributions. Politicaldiscussionsoftenfocusonthereductionof

thesegases.However,pollutantssuchascarbonmonoxide(CO)ornitrogenoxides

(NOx),whichbythemselveshaveanegligibledirectimpactonglobalwarming,

contributeindirectlytothegreenhouseeffectbyalteringtheabundanceofgases

suchasmethaneandozone(O3).

ClimateimpactofSO2ismainlybasedonitsinfluenceonparticleconcentrationas

an(inorganic)aerosolprecursorgas.Sulfateaerosolsreflectincomingsolarradiation

andtherebycooltheatmosphere. Otheraerosoltypes,e.g.particulateblackcar-

bon,absorbsolarradiationleadingtoawarmingoftheatmosphere. Whensulfate

servesasacoatingforblackcarbonparticlesitenhancestheirabsorptioncapabili-

ties[Boucheretal.,2013].

Moreover,sulfateisCloudCondensationNuclei(CCN)-activesincehygroscopic

aerosolsfavortheuptakeofwatervapor[Boucheretal.,2013]. Thepresenceof

sulfuricacid,therefore,influencestheindirectradiativeeffectofclouds:increased

formationofsmallerdropletsaltersthemicrophysicalcloudpropertiessuchasinitial

clouddropletnumberconcentration,albedo,precipitationandlifetime.Thesecom-

plexinteractionsaredifficulttoquantify–hence,aerosolsdominatetheuncertainty

associatedwiththetotalanthropogenicdrivingofclimatechange.

Figure2.3illustratesthemaindriversofglobalwarmingbycontrastingtheRadia-

tiveForcing2(RF)componentsofseveralwell-mixedgreenhousegasesandaerosol

types.ThechangeintotalanthropogenicRFin2011wasabout+2.3W/m2com-

paredtoRFlevelsin1750[IPCC,2013:SummaryforPolicymakers,2013].From

1880to2012,thegloballyaveragedcombinedlandandoceansurfacetemperature

hasalreadyincreasedby+0.85°C[IPCC,2013:SummaryforPolicymakers,2013].

Recentstudiesestimatethattheglobalmeansurfacetemperaturewilllikelyincrease

intherangeof1.0°Cto2.5°CatthetimewhenatmosphericCO2concentration

2‘Radiativeforcing’quantifiesthechangeinenergyfluxcausedbychangeinaclimatedriver.
PositiveRFleadstosurfacewarming,negativeRFleadstosurfacecooling. Timescalesfor
adjustingsurfacetemperaturestoforcingsmaybeintheorderofhundredsofyearsormore.
TheIPCCReport(2013)usesRFas‘Changeinnetdownwardradiativefluxatthetropopause
afterallowingforstratospherictemperaturestoreadjusttoradiativeequilibrium,whileholding
surfaceandtropospherictemperaturesandstatevariablesfixedattheunperturbedvalues’.
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2.1EnvironmentalImpactofAtmosphericSulfurDioxide

Figure2.3:Radiativeforcingestimatesin2011relativeto1750withaggregated
uncertaintiesforthemaindriversofclimatechange.FiguresimplifiedfromIPCC,
2013:SummaryforPolicymakers[2013].

hasdoubledwithaconcentrationincreaseof1%peryear3[IPCC,2013:Summary

forPolicymakers,2013].Sulfateaerosolsproduceamajornetnegativecontribution

toglobalRFof(–0.4±0.2)W/m2duetosolarradiationscattering[Stockeretal.,

2013].BoucherandPham[2002]estimatethat,from1850to1990,thedirectRF

bysulfateaerosolincreased(inabsolutevalues)fromnear-zeroto–4.2W/m2,while

theindirectRFbyinfluencingcloudpropertiesincreasedfrom–0.17to–1.0W/m2.

Figure2.4illustratestheglobalvariationoftheeffects.Thechangesinthenorth-

3Preindustrialcarbondioxidelevelswereabout280ppmv,in2011theyreached391ppmv–thus,
theyhavealreadyincreasedbyabout40%[IPCC,2013:SummaryforPolicymakers,2013].
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2SulfurDioxideintheAtmosphere

ernhemispherearemuchlargerthaninthesouthernhemisphereduetotherapid

increaseinemissionsinthelastcentury.

Figure2.4:Direct(a)andindirect(b)radiativeforcingbysulfateaerosolbetween
1850and1990.AdaptedfromBoucherandPham[2002].

AlthoughmostSO2sourcesarelocatedatgroundlevel,SO2alsoservesasapre-

cursorforthestratosphericaerosollayer.Thislayerislocatedat20–30kmaltitude

andisprimarilycomposedofsulfuricaciddroplets4.Volcaniceruptionsmayinject

SO2intothestratosphere,aidinginparticleformationprocessesandtherebyinflu-

encingradiativeforcing[Robock,2000].However,althoughintheabsenceofmajor

volcanicactivities,anincreaseofthestratosphericaerosolbackgroundofabout4–

7%peryearfrom2000to2010wasobservedbybothsatelliteandLightDetection

AndRange(LIDAR)measurements[Hofmannetal.,2009,Solomonetal.,2011].

ThisinducedachangeinglobalRFof–0.1W/m2.Radiativeimpactduetocarbon

dioxideincreaseinthesameperiodsummedupto+0.28W/m2. Therehasbeen

arecentdiscussiononwhethermoderatevolcaniceruptionsoranthropogenicemis-

sions,associatedwithrapidandregularupwardtransport(e.g.duringtheAsian

Monsoon),arethemajorcauseofvariabilityinthestratosphericaerosolbackground

inthelastdecade[Bourassaetal.,2012,2013,Frommetal.,2013,Hofmannetal.,

2009,Neelyetal.,2013,Vernieretal.,2013,2011].TheStratosphere-troposphere

4Theexistenceofthestratosphericaerosollayer[JungeandManson,1961]wasfirstattributed
tocarbonylsulfide(OCS)becauseofitscomparablylonglifetime[Crutzen,1976]. However,
ChinandDavis[1995]calculatethatOCSconcentrationsalonewouldnotsufficetobuildup
theobservedaerosolload.
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ProcessesAndtheirRoleinClimate(SPARC5)communitystatedthatmoreob-

servationsofSO2intheUTLSregionwouldbeveryvaluablesoastoimprovethe

modelingandpredictivecapabilitiesofstratosphericaerosol[SPARC,2006,theirp.

xii].

InadditiontodirectandindirectinfluencesonRFinthetroposphereandstrat-

osphere,theinfluenceondynamicsiscurrentlybeingdiscussed. Rotstaynetal.

[2013]studytheeffectsofanthropogenicsulfateaerosolonatmosphericcirculation

pattern.Theyfindthattheweakeningandequatorwardshiftofthenorthernand

southernhemispherejetstreamsinrecentdecadesisinresponsetoastrengthening

ofanthropogenicaerosols.AnincreaseofSO2emissions,subsequentsulfateaerosol

formationandlarge-scaledistributionwouldclearlycontributetothesechanges.A

riseinSO2emissionswouldinparticularimpactthesouthernhemispherebecause

oftherelativelylowbackgroundaerosolburdencomparedtoaerosollevelsinthe

northernhemisphere.

2.2SourcesofSulfurDioxide

Theearth’smajorreservoirsofsulfurarelocatedinthelithosphere(about2·1010Tg,

[SeinfeldandPandis,2012])andtheoceans(about1.3·109Tg[SeinfeldandPan-

dis,2012]).Naturaloranthropogenicemissionsdominatedependingontheregion

ofinterest. ThemainsourcesofatmosphericSO2willbeintroducedinthenext

section. Duetoitsrelativelyshortlifetime–intheorderofonlyafewdays–

atmosphericSO2abundancevariesstronglyinitsspatialaswellastemporaldis-

tribution.Aglobalsatellite-basedcompilationofthestrongestSO2sources(power

plants,volcanoes,oilandgasindustry,smelters)isgiveninFioletovetal.[2016].

Twoemissionhotspotsinthenorthernandsouthernhemisphere,respectively,are

selectivelyintroducedhereinordertosettherelevantframeworkforthecasestudies

giveninChapter4.

5http://www.sparc-climate.org/
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2.2.1 NaturalEmissions

AnindirectsourceofatmosphericSO2isoxidationofothersulfurcompounds.Next

toSO2,theprincipaltracegasescontributingtothesulfurbudgetinthetropo-

spherearecarbonylsulfide(OCS),carbondisulfide(CS2),DiMethylSulfide(DMS,

CH3SCH3)andhydrogensulfide(H2S)[SPARC,2006]. AsSO2hasanoxidation

stateof+IV,itischemicallyproducedbyoxidationofsulfurcompoundswithoxida-

tionstate–II:DMS,H2SandCS2aswellasOCSaresourcesofatmosphericSO2
6.

Thesecompoundsarenaturallyemittedfromsoils,wetlands,ricepaddies,biomass

burning,oceansandswamps[Kandaetal.,1992,SeinfeldandPandis,2012]. Re-

ducedsulfurspeciesoccurpreferentiallyinthegasphase,whereassulfuricacidwith

oxidationstate+VIisveryhygroscopicandtoalargeextentcontainedinparticles

ordroplets.OxidationofDMSisthedominantnaturalsourceofSO2.Thisrolewas

assignedtohydrogensulfideinthefirstplace;Lovelocketal.[1972]firstpointed

outtheimportanceofDMSfortheglobalsulfurcycle.TheproductionofDMSby

marineorganisms,e.g.phytoplankton,resultsinahighlynonuniformmarinesur-

facelayerconcentration:ThoughconcentrationsofDMSinthemarineatmosphere

aregenerallyaround100pptv,theycanalsoreachvaluesashighas1ppbvover

eutrophicwaters[SeinfeldandPandis,2012]. DMSmixingratiosdecreaserapidly

withaltitude,downtoafewpptv.TheOHradicalisthoughttobethemostimpor-

tantoxidationspecies,butNO3isalsoinvolvedduringthenighttimeandinmore

pollutedareas.Faloona[2009,theirTable2]reportthattheestimatedSO2yield

fromDMSoxidationisabout70%.

VolcanoesplayanoutstandingroleasSO2sourcesbecausetheireruptionplumes

canreachseveralkilometersinheightandinjectSO2directlyintothestratosphere

[ArnoldandBührke,1983,Halmeretal.,2002].Itisassumedthatlargeandalso

moderateeruptionsenhancestratosphericaerosollevels[Vernieretal.,2011].Inthis

way,volcanicemissionseffectivelyaltertheearth’sradiativebudget[Robock,2000].

Forinstance,thelargeeruptionofMt.Pinatuboin1991leadtoenhancedstrato-

sphericaerosollevelsforover2yearswithanestimatedaerosolmassadditionof

6Fordetailsofthechemicalreactions,see[Kettleetal.,2002,Loganetal.,1979,SzeandKo,
1979]forCS2andOCS;seeSlattetal.[1978]forH2SreactionsandChenetal.[2000]forDMS
reactionsandreferencestherein.
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30Tgtothestratosphere[McCormicketal.,1995].In1992,theresultingradiative

forcingisestimatedtobemorethan–3W/m2,thusexceedingthepositivecontri-

butiontoradiativeforcingofgreenhousegasemissions[McCormicketal.,1995].

Additionally,mostvolcanoescontinuouslyemitSO2intothetropospherealsodur-

ingtheirnon-explosivephase.BesidesSO2,H2O,CO2,H2S,OCS,CS2,HCl,HBr

andHFarethemajorcompoundsbeingejectedfromvolcanicvents,theiramounts

varyingstrongly[Textoretal.,2003].Continuousandcomprehensiveobservations

forvolcanicemissionsarerare,anddailyemissionsarehighlyvariable.Grafetal.

[1997,theirTable5]estimateglobalsulfuremissionfromvolcanoestothetropo-

sphereatabout14%withthemajorityofthevolcanoeslocatedinthenorthern

hemispherearoundthecircumpacific‘RingofFire’.

Biomassburningcanbeinitiatedbynaturalprocessesorbyanthropogenicactivities,

e.g.forheatingoragriculturalpurposes.TheamountofSO2setfreebybiomass

burningdependsonthesulfurcontentofthematerialburned(e.g.peat,forestorsa-

vanna).Accordingly,biomassburningplumesexhibithighvariabilitiesintheirSO2

abundance:averageSO2emissionfactorsvarybetween0.35g/kgforsavannaand

grasslandand1.0g/kgforextratropicalforest[AndreaeandMerlet,2001].Yokelson

etal.[2009]reportanaverageemissionratioofSO2/CO=1.73%fromaYucatan

firewithahighsulfurcontent,whereasAndreaeandMerlet[2001]reportaverage

emissionratiosofSO2/CObetween0.22and1.4%.Biomassburningdominatesin

aridareas,sincedrybiomassnaturallyburnsmoreeasily.Largeandintensefires

mayenhanceconvectionduetothestrongheatingofairparcels(‘pyro-convection’),

whichmaytransportsmokeandothertracespeciesintotheuppertroposphereand

stratosphere[Damoahetal.,2006].

Nexttochemicalconversion,volcanismandbiomassburning,themajorsourceof

enhancedSO2levelsisdirectemissionintotheatmospherebyindustrialactivities.

2.2.2AnthropogenicEmissions

Fromaglobalperspective,mostSO2emissionsstemfromanthropogenicactivities.

SO2isformedduringcombustionofsulfurcontainingmaterials.Industrialprocesses

suchasoilproductionandrefining,coalcombustion,wasteburning,oresmelting
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andbiomassburningusuallyfreeSO2fromtheburnedmaterials.Thatincludesalso

theemissionsofanykindofenginesrunwithoilorcoal,e.g.cars,shipsandaircraft.

Fossilfuelscontainavaryingamountofsulfur,althougheffortsareundertakentouse

coalandoilwithlowsulfurcontent(coalwithalowamountofsulfurisconsidered

tocomprise<1%S,ahighsulfurcontentcoalhas≥3%S[Chou,2012]). Mostof

theseemissionsoriginateneargroundlevel(exceptforaviationemissions)andover

landmasses(exceptforaviation,shippingandoffshoreoilproduction).

Figure2.5:GlobaltotalanthropogenicSO2emissionsinJuly2014accordingtothe
MACCityinventory.

Figure2.5showstheglobalanthropogenicSO2emissionsforJuly2014accordingto

theMACCityinventory7.Strongsourceregionsaremainlylocatedatthenorthern

hemispheremid-latitudes.PrimaryglobalSO2emittersareeasternmainlandChina

(≈30%ofglobalanthropogenicSO2emissions)andIndia(≈10%)[Klimontetal.,

2013]. MajoremittingregionsarealsothenortheastUSAandEuropeaswellas

SaudiArabia/Iran(oilindustry),SouthernAfrica(coalandcoppermining,power

plants),thecoastlinesofSouthAmerica(volcanoes,coppermines)andMexico(vol-

canoes,oilindustry)[Fioletovetal.,2013]. ShippingroutesaremarkedbySO2

emissionsacrosstheoceans.

7Availableathttp://eccad.sedoo.fr/eccad_extract_interface/JSF/page_login.jsf;foradescrip-
tionoftheMACCityinventorybereferredtosection3.2.1.2.
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Figure2.6:Regional(a,b)andsectorial(c,d)trendsinglobalanthropogenicSO2
emissions(Teragram,Tg).(a,c)showsemissionsfor1990–2010,(b,d)showfore-
castsfor2010–2030.Excludedareemissionsfrominternationalshippingandavia-
tion.Notethedifferentscalesforthehistoricalemissionscomparedtotheforecasts.
AdaptedfromAmannetal.[2013].

Figure2.6showsacomparisonofSO2emissionsforthedifferentworldregionsas

wellasforsectorsforthetimeperiod1990–2010aswellasaforecastfor2010–

2030.Amannetal.[2013]obtainthesenumberswithGreenhouseGasAirPollution

InteractionsandSynergies(GAINS8)modelresults.Globally,afurtherdecreasein

SO2emissionsisexpected(from120Tgin1990toabout80Tgin2030).Thiswill

promoteamorerapidwarmingoftheatmosphere[Klimontetal.,2013]duetoa

reductioninatmosphericsulfateaerosol.

InEuropeandtheUSA,SO2emissionshavealreadydecreasedinpastdecades

asaresultofimprovedenergyefficiencies,implementationoftechnologiesforthe

removalofpollutantsfromexhaustgasesandtheusageoffuelswithlesssulfur

content.OvertheeasternUSA,SO2levelshavedroppedbymorethan80%between

2005and2014[Krotkovetal.,2016]. Asianemissionsareexpectedtostabilize;

furtherindustrializationhopefullywillbecompensatedforbyeffectiveairquality

policies.Chinahassuccessfullyregulatedairpollutioninthelastdecade:between

2012and2014theNorthChinaPlainreachedabout50%reductioninSO2pollution

[Krotkovetal.,2016].VanderAetal.[2017]agreebystatingthatwithoutpollution

policiesChina’sSO2levelswouldbe2.5timeshigherthantoday.However,Indian

8http://gains.iiasa.ac.at/models/
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SO2emissionshavemorethandoubledbetween2005and2014,andarelikelyto

increaserapidlysincenopollutionpoliciesareenactedatpresent[Klimontetal.,

2013,Krotkovetal.,2016]. Therestoftheworld(includingSouthAmericaand

SouthAfrica)onlyaccountsforabout10%oftotalanthropogenicemissions.The

majorcontributionforanthropogenicSO2emissionsstemfromtheenergysectorand

industrialactivities.Thoseemissionsareexpectedtodecreasebecauseofthealready

developedsulfuremissionavoidance/removaltechniquesusedinNorthAmericaand

Europe.

TheanalysisbyAmannetal.[2013]excludesinternationalshippingandaviation.

SO2emissionsfromaviationwere0.2Tg/yearin2006[Brasseuretal.,2015,their

Table2].Forecastsfor2050areestimatedbetweenzeroemissionsforusageofalter-

nativefuelswithzerosulfurcontentand+1.1Tg/yearassumingatechnologyfreeze.

Althoughaviationemissionsareintotalonlyabout1%oftotalemissions,emitting

SO2atrelativelyhighaltitudesmayeffectivelyaltercloudproperties. Gettelman

andChen[2013]estimatethat,whereasSO2directRFexertsonlyaminorinflu-

enceonclimate(–3mW/m2),cloudforcingbyaviationtotalsabout–44mW/m2.

Shippingcontributesabout10%tototalanthropogenicSO2emissions.Eyringetal.

[2005,theirFigure4]estimatethatSO2internationalshippingemissionswould

changefrom12.0Tg/yearin2000to6.9–14.6Tg/yearin2020,dependingonfurther

measurestakenregardingthesulfurcontentofthefuels.Locally,shipemissionscan

constituteanimportantsourceofpollution,e.g.alongtheNorwegiancoast[Marelle

etal.,2016].TheInternationalMaritimeOrganization(IMO)alreadyestablished

inthelastyearsseveralEmissionControlAreas(ECA)whereSOx,NOxandsoot

emissionsarelimited.IntheArctic,pollutionfromshippingandoilproductionare

likelytoincreasealongwithareductionofArcticseaice[Roigeretal.,2014].

Thoughtsofincreasingfuelsulfurcontentsoastoavoidglobalwarmingshouldbe

discussedverycarefully,asthehealthimpactsofSO2emissionhavetobeconsidered,

e.g.atairportsorcoastalregions.Partanenetal.[2013]evaluatedasimulationwith

strictemissioncontrols,roughlycorrespondingtointernationalagreementsfor2020,

withashipfuelsulfurcontentof0.1%incoastalwatersand0.5%elsewhere.Inthis

scenario,annualdeathsdecreasedby96%comparedtopresent-dayvalues(which

correspondstoglobally48,200deathsavoidedperyear).
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TheoveralltrendofdecreasingmeanSO2levelsisencouragingregardingthetrace

gashealtheffects.But,inordertoevaluatetheimpactofSO2concentrations,the

detailsareimportant:short-termexposuretohighpollutionlevelsmayalreadyharm

people’shealtheffectively;forclimate,itisrelevantinwhichregionstheemissions

occurandhowtheyaredistributed. Manktelowetal.[2007]findthatchangesin

SO2emissionsresultedindifferentresponsesregardingthemodeledsulfatecolumn

burdenoverEurope/theUSAandAsia,respectively. Theyreportthatthe12%

reductioninglobalSO2emissionsbetween1985and2000resultedinonlya3%

decreaseinglobalsulfate.

2.2.2.1EastAsiaasanEmissionHotSpot

BecauseofitslargeshareofaboutonethirdofglobalSO2emissions,EastAsian

pollutionhasfrequentlybeenstudiedinrecentyears.Themaincontributorsinthis

regionareJapan,SouthKoreaandprimarilymainlandChina.Chinadominatesthe

SO2emissionsbyfarwith94%oftheregion’stotalemissions[Wangetal.,2014a].

EmissionshavebeenincreasingrapidlyinChinasince1990dueasurgeinenergy

consumptionalongwithrisingeconomy. Between1990and2010,comparedtoa

479%growthincoalconsumption,emissionsfromChina’scoal-firedpowerplants

increasedinSO2(56%),NOx(335%),andCO2(442%)anddecreasedforPM2.5

(23%)andPM10(27%)[Liuetal.,2015]. However,SO2emissionsdeclinedafter

2006,mainlyattributabletothewidespreadimplementationofFlueGasDesulfur-

ization(FGD)techniques9atChinesepowerplants[Klimontetal.,2013,Krotkov

etal.,2016,Kurokawaetal.,2013,Liuetal.,2015,Luetal.,2011, Wangetal.,

2014a,Zhaoetal.,2013].Nevertheless,ChinaremainedthesinglelargestSO2emit-

terandstillaccountedfornearly30%ofglobalemissionsin2010[Klimontetal.,

2013].Dependingonmeasurestakenbythegovernments,predictionsforEastAsian

SO2emissionsin2030varybetween–66%and+24%comparedto2010emission

levels[Wangetal.,2014a].

AnthropogenicSO2emissionsforEastAsiaareshowninFigure2.7accordingtothe

9FlueGasDesulfurization(FGD)summarizesavarietyoftechnologiestoremoveSO2fromthe
exhaustgasoffossilfuelpowerplants,typicallyremovingover95%ofSO2[Srivastava,2000].
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Figure2.7:TotalanthropogenicSO2emissionsinDecember2013accordingtothe
MACCityinventory,zoomedonEastAsia. Noteadifferentcolor-scalecompared
withFigure2.5(hereemissionsareoneorderofmagnitudehigher).

MACCityinventoryforDecember2013(whichcorrespondstothecampaigntime

oftheanalysispresentedinsection4.2).Themainemissionsareconcentratedon

theheavyindustrializedcoastalregionofChina.Economicallyleadinganddensely

populatedregionslikeBeijing,ShanghaiandthePearlRiverDeltawithHongKong,

ShenzhenandGuangzhouareknownfortheirsmoglevelsandpollutionepisodes

thatfrequentlyendangerpeople’shealth10[ChanandYao,2008].Onlyrecently,in

January2013,anotherseverepollutionhazecoveredmostpartsofnorthernandcen-

tralChina[Sheehanetal.,2014,Taoetal.,2014].Duringthatepisode,observations

ofPM2.5concentrationsregularlyexceeded400µg/m
3andSO2mixingratiosregu-

larlywereabove100µg/m3(37.5ppbv)inBeijing[Wangetal.,2014c].Thecountry

enactedanAirPollutionPreventionandControlActionPlaninSeptember2013.

Chinatriestoreducepollutionlevelsbyvariousapproaches,e.g.byfosteringre-

searchandmonitoring,restructuringenergyproduction,byspecialpollutiontaxes

andpenalties,stricteremissionlimitsorthepromotionofelectricvehicles[Wang

10RecentinformationoftheAirQualityIndexisavailableathttp://aqicn.org/map/china/
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etal.,2014a]11.Duetospacelimitation,pollutionandothersocioeconomicissues,

theChinesegovernmentalsofostersawestwardmovementofindustry(‘Go West’

program),verylikelyaccompaniedwithanincreaseinpollutionoverthemainland.

Accordingly,Cuietal.[2015]reportthat,between2005and2013,northwestern

ChinaexperiencedmuchlargerNO2growthperyear(11.3%)thansouthwestern

China(5.9%peryear)andindustrialkeyregionsofEasternChina(–3.3to+5.3%).

Region Altitude Season SO2Mix. Ratio

Xianghe(nearBeijing) PBL Nov–Feb(2010–2013) 25–35a

Waliguan(QinghaiPlateau) PBL Jan–Dec(2007–2008) 0.7±0.4b

Kaili(GuizhouProvince) PBL Jan–Dec(2007–2008) 67.3±31.1b

Suzhou(nearShanghai) PBL Aug–Oct(2003) 39.2–64.9c

NorthChinaPlain PBL June–July(2013) 12d

PRDregion PBL Oct–Nov(2004) mean:37e

Foshan(PRD) 400–2100m Oct(2004) 102.3–15.6f

NearBeijing 600,900,2100m Aug–Oct(2008) 11.7,11.1,4.9g

Shenyang(NEChina) FT Apr(2005) ≈2h

EastandcentralChina ≤4500m Apr(2008) 1.3–8.0i

Table2.1:Recentground-basedandairbornein–situmeasurementsofSO2levelsin
thePBLandlowertroposphereindifferentregionsinChina.TheSO2mixingratios
aregiveninppbv. PRD:PearlRiverDelta,FT:FreeTroposphere. References:
a)[Wangetal.,2014b],b)[Mengetal.,2010],c)[Costabileetal.,2006],d)[Zhu
etal.,2016],e)[Zhangetal.,2008],f)[Wangetal.,2008],g)[Zhangetal.,2014,
flightI-1],h)[Dickersonetal.,2007],i)[Heetal.,2012].

NumerousstudieshavebeenconductedinthelastdecadestoinvestigateSO2pol-

lutioninChinaatgroundlevelaswellasathigheraltitudes.Sinceemissionshave

decreasedremarkablysince2006,Table2.1onlylistsrecentground-basedandair-

bornein-situmeasurementsofSO2pollutionlevelsconductedoverdifferentregions

inChina.Theyillustratelargevariationsinspatialandtemporaldistribution,and

reachalarminglyhighmixingratiosofSO2eveninthefreetroposphere.

11Forfurtherinformationonpollutionmitigation,seealsothe Websiteofthe MinistryofEnvi-
ronmentalProtectionofthePeople’sRepublicofChina:http://english.mep.gov.cn/
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2.2.2.2SouthAfricaasanEmissionHotSpot

Overall,totalemissionsinthesouthernhemispherearemuchlowerthaninthe

northernhemisphere. However,southernAfricaisanotherhotspotofSO2emis-

sions.

Figure2.8:TotalanthropogenicSO2emissionsJuly2014accordingtotheMACCity
inventoryforSouthernAfrica.Noteadifferentcolor-scalecomparedwithFigure2.5.
DRdenotestheDemocraticRepublicofCongo.

AnthropogenicSO2emissionsinSouthAfricaareshowninFigure2.8according

totheMACCityinventoryforJuly2014(whichcorrespondstothetimeperiodof

theanalysispresentedinChapter4.1).Visibleintermsofemissionsarecitiessuch

asWindhoek(Namibia),CapeTown(SouthAfrica),Harare(Zimbabwe)orLuanda

(Angola).InnorthernZambiaandthesouthernDemocraticRepublicofCongo,SO2

emissionsemergefromtheZambianCopperbelt.Sinhaetal.[2003]measureSO2

mixingratiosof15ppbvaboveambientlevelsinthepollutionplumeofoneofthe

largestcopperminesintheworld,thePalaborwacoppermineinnortheastSouth

Africa. However,clearlydominantinSO2emissionsistheMpumalangaHighveld

inSouthAfrica,whereseverallargecoal-firedpowerplantsarelocated.[Josipovic

etal.,2010,Laaksoetal.,2012]reportmeanSO2concentrationsof≈13ppbvin

winterneartheHighveldplateau. Collettetal.[2010]observeamixingratioof

6ppbvfor2005/2006.Fioletovetal.[2013]estimateannualemissionratesforSO2
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Figure2.9:MODISfireactivity(reddots)betweenAfricaandNewZealand,av-
eragedoverthetimeperiod30June2014–09July2014(frames:181–190).Yellow
dotsmarkmoreintensefires.

withsatellitedatato1960±790kT/year(averagedforyears2008–2010). The

strengthofemissionsisevencomparabletothosefromtheNorilsksmelterinRussia.

NexttoSO2andsulfate,thisareaisalsoahotspotofNO2[Lourensetal.,2012],

O3[Zunckeletal.,2004]andPMemissions[Bigala,2009].

AnirregularsourceofSO2emissionsinthesouthernpartofAfricaarefires.Agricul-

turalpracticeleadsperiodicallytoextensivebiomassburningofthesavannavegeta-

tion,usuallyatamaximuminaustralspring(SeptembertoNovember).Figure2.9

showsafiremapobtainedfrom MODerateresolutionImagingSpectroradiometer

(MODIS)analysis12forthebeginningofJuly2014[Giglioetal.,2003].Intense

firesareconcentratedaroundAngolaandZambia,andarevisibleaswellalongthe

eastcoastofSouthAfricaandon Madagascar.Sinhaetal.[2003]reportinthe

frameworkoftheSouthernAfricanFire-AtmosphereResearchInitiative(SAFARI)

inAugust/September2000[Swapetal.,2002],thatnortheastSouthAfricahadhigh

averageconcentrationsofSO2(5.1ppbv),sulfateparticles(8.3µg/m
3)andConden-

sationNuclei(CN)particles(6400/cm3).Theyattributetheelevatedmixingratios

toamixofbiomassburning,electricgenerationplantsandminingoperations.

12http://rapidfire.sci.gsfc.nasa.gov/firemaps/
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InvestigatingthestrengthsofSO2sourcesisthefirststeptowardsevaluatingtheir

impactonclimate.However,ithastobeconsideredthatSO2isnothomogeneously

distributed,duetotherelativelyshortlifetimeofatmosphericsulfurcompoundsand

strongregionalvariationsinemissions.Horizontalandverticaltransportphenomena

influencetheirabundancestrongly.

2.3AtmosphericTransportProcessesofSulfurDioxide

Inordertoprovideageneralunderstandingofthemainatmospherictransportpro-

cessesofemissions,thissectionbrieflyintroducesthetwolowestlayersoftheatmos-

phere,thetroposphereandstratosphere.First,theircharacteristicsaredescribed,

thenglobaltransportpatternareexplained.Theemphasisisonthedominantlifting

patternatmid-latitudes,sinceSO2emissionsaregreatestthere.

2.3.1CharacteristicsofTroposphereandStratosphere

ThetroposphereisthelowestpartoftheEarth’satmosphere,andtemperature

decreaseswithinitwithaltitude(withameanverticaltemperaturegradientvalue

ofabout–6.5K/km).Thedecreaseoftemperatureresultsinaninstablelayering,

andenhancesthepossibilityofverticalexchangeofairmasses. Thetroposphere

contains≈80%oftheatmosphere’smassand99%ofitswatervaporandaerosol.

Inthislayer,weatherphenomenatakeplace,suchastheoccurrenceofrainor

clouds. ThePBListhelowestpartofthetroposphere,wherefrictionwiththe

Earth’ssurfaceinfluencestheairflow.ThePBListypicallylocatedbetweenafew

hundredmetersand2kmheight,dependingonregionandtimeofday.

Abovethetroposphere,thetemperatureprofilechanges.Inthestratosphere,tempe-

ratureincreaseswithaltitude–onlythelowestpartmayhaveapproximatelyisother-

mallayering.Thestratosphericinversionresultsinagenerallyverystablelayering.

HighO3andlowwatervaporconcentrationsareprominent.

Thetransitionregionbetweenthetroposphereandstratosphereiscalledthetropo-

pause,rangingfromabout6–8kmheightinthepolarregionstoabout16–18km
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heightinthetropics.Definitionsofthetropopausevary,dependingonthetopicof

interest(foranextensiveoverview,seeGettelmanetal.[2011]).Inthisstudy,these

twodefinitionsareofinterest:

i)Thethermaldefinitionstatesthatthetropopauseisthelowestlevelwherethe

temperaturelapseratedecreasesto–2K/kmorless,providedthattheaveragever-

ticaltemperaturegradientbetweenthislevelandanyotherlevelwithinthenext

2kmdoesnotexceedthatvalue[WorldMeteorologicalOrganization(WMO),1957].

Thegreatadvantageofthisdefinition(andcauseforitswidedistribution)isthe

possibilityofdeterminingitwithasingletemperatureprofile,easilyobtainedby

radiosondes.However,thephysicalsignificanceofthethermaldefinitionislimited,

asitdisregardstheobservationthatthetropopauseoftenbehavesasifitwerea

(quasi-)materialsurface.

ii)Consideringatypicaldistributionsoftracegases,Bethanetal.[1996]propose

anozone(gradient)tropopause,e.g.witharequirementthattropopauseO3levels

exceed80ppbv. Normally,troposphericautumn/winterO3valuesinthenorthern

aswellassouthernmid-latitudesarearound50ppbv[Baehretal.,2003,Brunner

etal.,2001].ZahnandBrenninkmeijer[2003]extendthedefinitionofachemical

tropopausedependingonCO-O3mixinginthetropopauseregion.SinceO3levelsin

anon-pollutedfreetropospherearelowand,incontrast,arehighinthestratosphere

(variationsareofanorderofmagnitude),theO3correlationwithCOchangesat

tropopauselevels.

2.3.2GlobalCirculationPattern

Thechangingsolarradiationinfluxwithgeographicallatitudecausesapermanent

thermalenergytransportthroughtheatmosphere(andoceans)inordertocom-

pensatethetemperaturedifferencebetweentheequatorialandpolarregionsofthe

Earth.AsillustratedinFigure2.10,thisenergytransportresultsinacharacteristic

globalwindpattern.

Solarheatingresultsinarisingmotionofwarm,moistairmassesinequatorialareas.

Thatcreatesahigherpressureathigheraltitudes.Upliftislimitedverticallybythe

tropopausewhichresultsinamotionoftheairpoleward. Duetotherotationof
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theearth,thesewindsaretwistedeastwardbytheCoriolisforce13. Becausethe

circumferencesoftheglobeplanesdecreasetowardsthepolesandbecauseofthe

sinkingofthetropopause,theairmassesalreadyhavetodescendinthesubtropics

(atabout30°Nand30°

equator

Tropic of Cancer

Tropic of Capricorn

north summer north winter

zero meridian zero meridian

ITCZ

tropics

mid-latitudes

polar region

mid-latitudes

polar region

prevailing westerlies

polar easterlies

trade winds

prevailing westerlies

polar easterlies

trade winds

S,respectively),therebycreatingahigh-pressureareaat

groundlevel(‘TropicsofCancer/Capricorn’). Theequatorwardreturnflownear

thesurfaceclosesthecirculationloop(‘Hadleycell’,[Hadley,1735,Lorenz,1967])

andcreatesthe‘tradewinds’(againturnedbytheCorioliseffect).

Figure2.10:Surfacewinddirectionsatdifferentlatitudesfornorthernhemisphere
summer(left)andwinter(right).ITCZ:InnerTropicalConvergenceZone.Adapted
fromRoedel[2004,p.156].

Thetradewindsofbothhemispheresconvergeneartheequatorinalow-pressure

zone,theIntertropicalConvergenceZone(ITCZ).Thatzonefollowsthesun’szenith

point(withadelayofaboutamonth),resultinginasemiannualnorth-southmi-

grationofthezone(andtherestofthecirculationsystem).ThedriftoftheITCZ

dependsstronglyontheland-sea-distribution,becauselandmassesheatupmore

easilyduetotheirlowerthermalcapacityandthereforeshowastrongerdependence

ontheseasonalchangeofthezenith’spoint. Hence,thedeflectionoftheITCZ

fromtheequatorisstrongestoverAsiaandSouthAmerica/SouthAfrica(±25°)

andweakestovertheNorthAtlanticandtheNorthPacific(±5°).

Thesecond(closed)atmosphericcirculationsystemisthePolarcell,extendingfrom

aroundthe60thparalleltothepoles.Airmassesat60°N/Sarestillsufficientlywarm

andmoisttoundergoconvectionanddriveathermalloop. Warmairrises,therefore,

13Ingeneral,windsmovingpolewardareturnedtotherightinthenorthernhemisphereandto
theleftinthesouthernhemisphere.
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atlowerlatitudesandmovespolewardthroughtheuppertroposphere. Whentheair

reachesthepolarareas,ithascooledconsiderablyanddescends.Alongthesurface,

theairmassesmoveagaininthedirectionofthemid-latitudes(‘polareasterlies’).

Atmid-latitudes,thegeneralwest-to-eastmotionofthewindsisaresultofthe

high-pressureareas(‘horselatitudes’)andlow-pressureareascreatedbytheother

circulationloops(andtheCorioliseffect)[Ferrel,1856]. Whereastheequatorward

boundaryisfairlywelldefinedbythesubtropicalhigh-pressurebelt,thepoleward

boundaryisnotclosedbutmeanders.Thejetstreams–narrowbandsoffastflowing

winds–evolveintheuppertroposphereattheboundaryregionsinordertobalance

warmandcoldair(withthepolarjetstreambeingstronger,butmorediffusethan

thetropicaljetstream,becauseofthehighertemperaturedifference).Althoughin

generalthezonalwindsatmid-latitudesaredirectedfromwesttoeast(‘prevailing

westerlies’),thevariabilityofthesewindsisquitehigh;abruptchangesofpressure

andtemperatureinwarmandcoldfrontsandtheevolutionof(anti-)cyclonesare

onlysomeeffectswhichdependonthestatusandevolutionoftheHadleyandPolar

cell.Onaglobalscale,thegeneralatmosphericeastwardmotionatmid-latitudesis

theresultofmanydifferent,partlysuperimposedprocesses.

2.3.3VerticalTransport Mechanismsat Mid-Latitudes

Thedominantverticalatmosphericexchangemechanismatmid-latitudesaremoist

airstreamsthatrisequasi-isentropicallyaheadofcoldfronts[Browningetal.,1973,

Greenetal.,1966,Harrold,1973].FromaLagrangianpointofview,cyclonesare

conceptuallycomposedofcoherentairstreams. Theytransportairparcelseffec-

tivelyverticallyinbothdirectionsrelativetotheatmosphericbackgroundflowand,

therefore,exhibitcharacteristicatmospherictracermixingratios(e.g.inCO,O3,

NOyconcentrations[Cooperetal.,2002]). AschematicisshowninFigure2.11.

TheColdConveyorBelttransportscoldairwestwardaheadofthewarmfront;the

DryIntrusioncarriesdryairfromnearthetropopausetoloweraltitudeswestofthe

coldfront.TheWarmConveyorBelt(WCB)usuallytransportswarmandmoistair

upwardandpoleward. WCBstransportlargequantitiesofsensibleandlatentheat

fromgroundleveltouppertroposphericaltitudes.Ifliftedfrompollutedboundary
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layers,theseairstreamsoftenfeatureaspecificchemicalsignature[Bethanetal.,

1998,Kowol-Santenetal.,2001,Vaughanetal.,2003]. WCBsinfluencethecyclone’s

cloudstructureandareresponsibleforthemajorpartoftheprecipitationassociated

withextratropicalcyclones[Browning,1990,BrowningandRoberts,1994].Reutter

etal.[2015]showthatroughly50–60%ofstratosphere-troposphereexchangeinthe

NorthAtlanticoccursinthevicinityofcyclones.

Figure2.11:Schematicofairflowsinanorthernhemispheremid-latitudinalcy-
clone.Left:Viewfromtop.Right:Verticalcross-sectionfromA–Bindicatedonthe
leftside.TakenfromPidwirny[2006].

Acommoncriterionincyclogenesistrajectoryanalysisforlabelingaparticularly

strongairstreamrangingfromPBLtouppertroposphericaltitudesasa WCB

isthattheliftingprocessofairparcelsexceedsacertainpressurechangerate,

e.g.∆p≈500–600hPain48hours[Eckhardtetal.,2004, Madonnaetal.,2013,

WernliandDavies,1997].Thus,withinaWCB,updrafthappenscomparablyslowly:

averticaldistanceof5kmaltitudecoveredin48hourscorrespondstoavertical

velocityof0.3m/s.Tropicaldeepconvectionorthunderstormupdraftvelocitiesare

muchlarger,andsystemsformanddecayintimescalesofonlyafewhours.E.g.

Giangrandeetal.[2013]findthatdeepconvectivesystemsabovethecentralplains

intheUSAregularlyexceedupwardvelocitiesof15m/s.

Toexploretheglobalclimatologyof WCBactivityregions,Madonnaetal.[2013]

investigatetrajectorieswith31years(1979–2010)ofEuropeanCentreforMedium-

Range WeatherForecasts(ECMWF)Re-Analysis(ERA)Interimdata14,starting

14http://www.ecmwf.int/
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Figure 2.12: WCB activity regionsfor a) northern hemisphere win-
ter(December/January/February, DJF)andb)southernhemisphere winter
(June/July/August,JJA).Thecolor-scaleshowspercentage(0–10%)of WCBtra-
jectoriesstartedfromthisgridpoint.FigureadaptedfromMadonnaetal.[2013].

every80kmandevery6hoursbetween1050and790hPaaltitude. Atrajectory

fulfills(their) WCBcriteria,if:

1.Thetrajectoryascendsstrongly,overcoming600hPain2days.

2.Theascentoccursinthevicinityofanextratropicalcyclonewithinthefirst

48hours(inordertodistinguish WCBsfromdeepconvectivesystems).

Thisstudyfollowsthisapproach.Figure2.12showsthatthepercentageoftrajecto-

riesfulfillingthesecriteriafornorthernhemispherewinterandsouthernhemisphere

winter. WCBsarenotevenlydistributedatmid-latitudes;onthecontrary,several

distinctiveregionswithmaximumWCBactivitycanbeidentified:themainactivity

regionsareattheNorthAmericanaswellastheEastAsianeastcoasts,withupto

10%oftrajectoriesbeingliftedover600hPain2days.Inthesouthernhemisphere,

WCBmaximaarelocatedoverSouthAmerica,eastofSouthAfrica(2–3%)and

overAustralia.Activitiesgenerallyincreaseduringwinter.Globalpatternsarevery

similarcomparedtoresultsfromStohl[2001]andEckhardtetal.[2004].Theystate

that,althoughtheabsolutenumberof WCBsidentifieddependstoagreatextent

onthecriteriachosen,thespatialpatternsarerobust.

Theairmassesliftedby WCBsaredistributedgloballyalongwiththeprevailing

westerlies.Theymixwithsurroundingair,andtracersmayundergochemicaland/or

physicalprocessing. Since WCBactivityregionsareconcentratedaround(SO2)
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emissionhotspots, WCBsplayadominantroleinglobalpollutiontransport.Two

majoremissionregionsinthenorthernandsouthernhemisphere,respectively,are

EastAsiaandSouthAfrica.Thesewillnowbedescribedinfurtherdetail.

2.3.3.1AtmosphericPathwaysoutofEastAsia

CyclonesandassociatedfrontsfrequentlypassoverEastAsia[Dickersonetal.,

2007],initiatingupliftofpollutionandthusallowingforintercontinentaltransport

ofpollutionplumes. NorthAmerica,Europeandeventhesub-Arcticregionare

prominentdestinationareasofthoseplumes,sincethemainwindbandsaroundthe

globefavorawest-to-easttransportpattern.

Numerousstudiesreport WCBpollutiontransportfromAsiatoNorthAmerica.

Cooperetal.[2004]reporta WCBeventfor May2000transportingpollutedair

massesfromAsiaacrossthePacifictotheNorthAmericanwestcoast,wherethey

observeaplumeofbetween5and8kmaltitudewithenhancedCOlevels>200ppbv.

AirborneobservationsofsulfateplumesinCanadathatoriginatedfromEastAsia

wereconductedbyvanDonkelaaretal.[2008].Theydetectsulfateconcentrations

of>2µg/m3inthefreetroposphereinApril/May2006overBritishColumbia.

Clarisseetal.[2011]presentacasestudyforNovember2010whenaplumewith

elevatedSO2andotherpollutantswasliftedina WCBoverNortheastChinaand

wasfollowedfor5daystoNorthAmerica.Hsuetal.[2012]analyzeanthropogenic

SO2andCOplumesoverEastAsiathatarefoundtoreachNorthAmericain5–6

days.Theyalsoindicatethatlong-rangetransportofSO2richplumesoutofAsia

occursfrequently.

But,EastAsianpollutioncanalsobeexportedtoregionsasfarawayasEurope:

Groussetetal.[2003]investigateadustplumetransportedfromAsiatotheFrench

Alps,Fiedleretal.[2009b]suggestthatpollutionexportedfromtheEastAsian

coastina WCBcouldberesponsiblefortransportofSO2toanarea200kmoffthe

westerncoastofIrelandwithobservedSO2mixingratiosofupto900pptv.

ConcerningstudiesregardingAsianemissionstomorenortherlyregions,Roigeretal.

[2011b]describeanAsianpollutionplume,notablycontainingNOy,transported
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acrosstheArctictoGreenlandintothelowermoststratospherewithinafewdays.

Cahill[2003]reportAsianaerosoltransporttoAlaska.

Figure2.13:Majortransportpathwaysintothe
Arcticinwinter(blue)andsummer(orange).
AdaptedfromAMAPAssessmentReport[1998].

Figure2.13showsthemeanpo-

sitionofthe Arcticair mass

aswellas majorpathwaysinto

the Arctic. Airstreamsare

drivennorthwardfromtheAsian

eastcoast. Sincecompara-

blywarmandlightairstreams

riseinthe atmosphere, Arc-

ticcontaminationathigheral-

titudes(2–8km)generallyorigi-

natesfromlowerlatitudesthan

contaminationinthelowerArc-

ticatmosphere(0–2km)[AMAP

AssessmentReport,1998,their

Chapter3]. Consequently,mid-

latitudinalemissionscontribute

substantiallytoArcticpollution,

mainlyatfreeanduppertropo-

sphericaltitudes.

2.3.3.2AtmosphericPathwaysoutofSouthAfrica

OverSouthernAfrica,thesynoptic-scalesituationinaustralwinterisdominatedby

continentalanticycloniccirculationoccurringduringtwothirdsofthetime[Piketh

etal.,2002,Stohl,2004,Tysonetal.,1996]. Theprevailingcirculationpatterns

areillustratedinFigure2.14.Sinkingofairmassesisassociatedwithadiabatic

warming,resultingintheregularformationofstable(haze)layersoverSouthAfrica

nearground[TysonandPreston-Whyte,2000]. Theanticyclonicflowalsoresults

inarecirculationbacktothecontinent. Onlyaminorfractionofair(≈5%)is

transportedwestwardtotheAtlantic(‘Angolanplume’).Themajorairtransport
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exportpathway(occurringfor≈75%ofwintertime)exitsinAfricainaneastern

directiontotheIndianOcean(‘Natalplume’).

Figure2.14: Majortransportpathwaysover
Southern Africa. Thehatchedareaindicates
theHighveldregion. AdaptedfromPikethetal.
[2002].

PollutiontransportfromSouth-

ernAfricainthedirectionofAus-

traliahasbeenobservedseveral

times:TysonandPreston-Whyte

[2000]calculatethatin July

about30%oftheairmassesorig-

inatingfromtheSouthAfrican

Highveldat800–850hPapressure

levelspasssouthofAustraliaat

550m/s2geopotentialheight15af-

tertwoweeks. Hermanetal.

[1997,theirFigure2]detectedin

September1987anaerosolplume

travelingfromSouthernAfricato

SouthernAustraliain8–9days.

TheyuseTotalOzone Mapping

Spectrometer(TOMS)satellitedatainordertodetectaerosolsuchassmoke,

desertdust,andvolcanicash. Wenigetal.[2003]observeNO2emissionsfromthe

SouthAfricanHighveldPlateauthatweretransportedtoAustraliain6–10daysin

May1998usingGlobalOzoneMonitoringExperiment(GOME)satellitedata.Re-

cently,asimilarstudywasreportedbyZienetal.[2014].AcombinedstudybyPak

etal.[2003]andSinhaetal.[2004]showthatobservationsofbiomassburningemis-

sions(inparticularCO)overMelbourneinsouthernAustraliainSeptember2000

stemfromtropicalregionsinSouthAfrica.

However,effectivetransportofpollutantsishighlydependentontheremovalpro-

cessesaffectingthespecies’mixingratios.

15Geopotentialheight(m2/s2)isaltitude(m)timesthe(WMO-defined)gravityconstant
(9.81m/s2).
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2.4SinksofSulfurDioxide

SO2moleculesmaysticktosurfaces(drydeposition),bedeliveredbacktothesur-

facewithrainwater(wetdeposition),reactdirectlyinthegasphaseorbetaken

upindropletsandoxidized(aqueousphaseoxidation). Globally,thedominant

sinkforSO2ischemicalremoval(basedonananalysisof20atmosphericchemical

modelingstudies,thisconsumesabout≈54%ofmolecules,followedbydrydepo-

sition(≈36%)andscavenging(≈8%)[Faloona,2009,theirTable1]).Indifferent

stagesoftransport(emission,uplift,highleveltransport),differentlossprocesses

dominate.

2.4.1 Dryand WetDeposition

DrydepositionofmoleculeshappensinthePBL,thusclosetotheSO2emitting

sources.Duetodrydepositionalone,thelifetimeofSO2inthePBLisonly2–3days

[Berglenetal.,2004,RodheandIsaksen,1980]. Park[1998]calculatesSO2dry

depositionlossesduringmedium-rangetransportforthespringseasonfortheyears

1989–1993. Hefindsthatlossofnear-surfaceconcentrationduetodrydeposition

ismorethan10%within70kminthedownwinddirectionfromthesourceduring

daytime,whilelessthana5%reductionoccurswithin50kmfromthesourceduring

night.

SinceWCBsparticularlyliftmoistandwarmair,associatedwashoutlikelyremoves

aerosolandsolublegases.Thesolubilityoftracegasesdiffers–e.g.COandO3are

muchlesssolublethanSO2orNO2[Yooetal.,2014].Parketal.[2005]reportan

exportefficiencyforAsianoutflowofWCBsandconvectivecellsforSOxof≈6–12%

at4–6kmaltitude.Thus,aconcentrationof10ppbvSO2closetothesourcewould

stillresultinuppertroposphericenhancementsof≈1ppbv.

ChinandJacob[1996]estimatethatanthropogenic,biogenicandvolcanicsources

accountfor70%,23%,and7%,respectively,oftheglobalsulfuremissions. How-

ever,theyonlyaddupto37%,42%,and18%,respectively,oftheglobalburden

ofatmosphericSO2−4. Stevensonetal.[2003]confirmthistendencyforvolcanic

emissions:volcanoesonlyemit10%ofSO2directlyatthesource,butcontribute
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26%ofatmosphericSO2and14%ofatmosphericSO4. Thediscrepancybetween

sourceandcolumncontributionreflectstherapidlossofanthropogenicSO2atlow

altitudes.

Sulfateaerosolhasanatmosphericlifetimeofaround5daysbeforeitisdeposited

tothesurface. Themainsinkforsulfateiswetdeposition[Berglenetal.,2004,

Stevensonetal.,2003]. Whereasforparticleswithdiametersbetween0.1and1µm

wetdepositiondominates,largerparticlesalsounderliesedimentationprocessesand

drydeposition[Raesetal.,2000].

2.4.2FormationofSulfuricAcidandSulfateAerosol

ChemicalremovalofSO2accountsforthemajorityoflosses.SO2reactstobecome

sulfuricacid(H2SO4)whichmayformnewparticlesbyhomogeneousorheteroge-

neousnucleation[Kulmalaetal.,2000,Sipiläetal.,2010].Italsocontributesto

thegrowthofpreexistingaerosolbycondensationandcoagulation[Wehneretal.,

2005].

SO2(+IV)canbefurtheroxidized,eitherinthegasphase(viareactionwiththe

hydroxylradical(OH))orintheliquidphase(mainlybyreactionwithH2O2orO3

[Martin,1994]). Atfreetroposphericandstratosphericaltitudes,theoxidationof

SO2byOHismostimportant,leadingtotheproductionofsulfuricacid(H2SO4)

bytheStockwell-Calvert-mechanism[StockwellandCalvert,1983]:

SO2+OH+M−→HOSO2+M (2.1)

HOSO2+O2−→HO2+SO3 (2.2)

SO3+2H2O+M−→H2SO4+H2O+M (2.3)

Step(2.1)islimitingthereaction. Atapressureof1013hPaandroomtempera-

ture(20°C)thereactionratecoefficientisk≈2·10−12cm3/s[Blitzetal.,2003].

ThisleadstoacorrespondinglifetimeofSO2withtypical OHconcentrations

34



2.4SinksofSulfurDioxide

(≈106particles/cm3[Loganetal.,1981])ofaboutτ1/e=6days
16. Step(2.2)

happensrelativelyfast(withk=4.3·10−13cm3/satroomtemperature[Atkinson,

1997]),formingSO3,whichfurtherreactswithawatermoleculeandanintermediate

asgiveninstep(2.3). Theoretical[MorokumaandMuguruma,1994]andexperi-

mental[ReinerandArnold,1994]investigationsshowthat,normally,asecondwater

moleculeisneededtoformthetransitionstatewhichfinallyleadstotheformation

ofsulfuricacid.SinceproductionofH2SO4isthemainsinkforSO2,theabundance

ofOHiscrucialforthedegradationofSO2.

Simplified,OHisformedbyozonephotolysisandfurthercollisionsofexcitedsinglet

oxygenatomswithwatermolecules[SeinfeldandPandis,2012]:

O3+hν−→O2+O(
1D) (2.4)

O(1D)+H2O−→2OH (2.5)

TheglobalannualmeanOHconcentrationisaveragedto1.16·106molecules/cm3

(forupto100hPawithin±32°latitudeandupto200hPaoutsidethatregion)

[Spivakovskyetal.,2000].Sinceconcentrationsdependonavailablesunlight,OH

concentrationsarehighestinthetropics. Thecasestudiespresentedtookplace

duringhemispherewinter,thusavailabilityofreactionpartnersforSO2waslim-

ited.Inthefirstcasestudy,highleveltransporttookplaceinsouthernhemisphere

winter(July)between20°Sand60°Sandmostlybetween500and200hPa.Spi-

vakovskyetal.[2000,theirTable5c]estimateforJulyanOHconcentrationof

0.58·106molecules/cm3at28°Sto0.02·106molecules/cm3at60°Sfor300hPa.The

highleveltransportofthesecondcasestudytookplaceduringnorthernhemi-

spherewinter(December).Plumesstartedat20°N,crossedthepole,andarrivedat

about70°N.Transportaltitudesweremostlybetween400and200hPa.Spivakovsky

etal.[2000,theirTable5a]estimateforJanuaryanOHconcentrationof0.64·106

molecules/cm3at20°Nand0.02·106molecules/cm3at70°Nfor300hPa.Further

towardsthepole,OHwinterconcentrationsareaboutzero. Thus,forthecases

discussed,thechemicalsinkdidnotaffectemittedSO2mixingratiosasitwould

haveinsummermonths. However,sincethepathwaysonlypartlytraverseddark

16with[SO2]=[SO2]0·e
−k[OH]τ1/e and[SO2]/[SO2]0=1/e
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environment,afractionoftheemittedSO2
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Figure2.15:Schematicofsulfateaerosolformationintheatmospherefromsources
ofSO2totheinfluenceonradiativeforcing(RF).

Thepresenceofsulfuricacidleadstonucleationandaerosolformation. Simpli-

fied,equation(2.6)describesGibb’sfreeenergy∆Gforcondensingparticlesnin

developingdroplets(withkB:Boltzmannconstant,T:Temperature):

∆G=−nkBT·ln(p/ps)+σA (2.6)

If∆Gbecomes(more)negative,nucleation(morelikely)takesplace. Thefirst

termisfavored,ifthecondensingmoleculesnhavearathersmallsaturationva-

porpressurepscomparedtopressurep. Thecompetingterm,σA,describesthe

contributionofsurfacetension(orradius):Thesmallertheparticle,theeasierit

evaporatesagain.Sulfuricacidhasaverylowsaturationvaporpressureandmay

condensehomogeneouslyevenunderatmosphericcircumstances. Moreover,mixing

ofsulfuricacidwithwaterleadstoafurtherreductionofthisgasmix’saturation

vaporpressureofuptotwoordersofmagnitudes(≈10−7hPaforabout20%water

vaporto80%sulfuricacidat23°C)[Roedel,1979,2004].Ifpre-existingparticlesare

present,sulfuricacidfacilitatestheirgrowth.Ion–mediatednucleationisenergeti-

callymorefavorablethanhomogeneousnucleation[Turcoetal.,1998].Alowering

oftheambienttemperatureleadstoaloweringoftheequilibriumvaporpressure

abovetheaerosol–thusnucleationtakesplacemostefficientlyatUTLSaltitudes.
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2.5Summary

Figure2.15summarizesthekeyfactorsinvolvedinatmosphericsulfateaerosolfor-

mationfromSO2sourcestoimpactonclimate.

2.5Summary

Thischapterintroducedthetheoreticalframeworknecessarytounderstandandde-

scribeSO2long-rangetransport.First,itsimpactonhealthandtheenvironment

aswellasclimatewasdescribed.NaturalandanthropogenicSO2sourcesweredis-

cussed:SO2emissionsarepredominantlycausedbyanthropogenicactivitieslocated

onlandmasses.EspeciallyEastAsiaandSouthAfricaarehotspotsofSO2emis-

sions.Intheseregions,cyclonicactivityfrequentlyoccurs. Warmandmoistair

streamswithinthecyclonemayeffectivelyliftpollutedairmassesoutofthePBL

intotheuppertroposphere. Theretheycanundergorapidtransportalongwith

thewesterlywindsandbedistributedglobally.Theprimarymotivationforinvesti-

gatingtheuppertroposphericpathwaysofSO2isitsabilitytoformsulfateaerosol

whoseformationwasdescribedinthelastsection.

Thenextchapterintroducesthemethodsusedtoinvestigateintercontinentallong-

rangetransportofSO2.
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3Atmospheric MeasurementsandPlumeTransport

Modeling

Thischapterfirstintroducestheairbornemeasurementtechniquesforthedetection

ofSO2andothertracespeciessuitedforuppertroposphericobservations.Inorder

toadequatelyaddressthechallengesofin-situairbornemeasurements,onlinein-

flightcalibrationaswellasextensivelaboratoryinvestigationswerenecessaryto

ensurehighdataquality.Afterwards,theHYSPLITmodelispresented.HYSPLIT

isusedindispersionaswellasintrajectorymodetoinvestigatelong-rangetransport

patternsintheatmosphere.

3.1AtmosphericSulfurDioxide Measurements

Severalmethodsexisttomeasureatmosphericabundancesoftracespeciesandin

particularSO2.Eachofthemhasitsownadvantages,e.g.regardingsensitivity,de-

tectionlimit,range,resolution,versatility,crossdependencies,costsormaintenance.

Ideally,theycomplementeachothertoprovidethemostcomprehensiveinformation

possible.

Ground-basedmonitoringstationsareoftenusedtoprovidelong-termtimemeas-

urementseriesandtoalertwhenairpollutionlevelsarelocallyexceeded. Cheap

anddurableSO2instrumentsareespeciallyvaluableforvolcanomonitoringpur-

poses[MoriandBurton,2006].DifferentmethodsaresuitableformeasuringSO2at

groundlevel,e.g.withDifferentialOpticalAbsorptionSpectroscopy(DOAS)[Wu

etal.,2013],gaschromatography[Bruneretal.,1972]orelectrochemicalsensors
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3AtmosphericMeasurementsandPlumeTransportModeling

[Hodgsonetal.,1999]. However,normallythoseinstrumentsaremoreorlesssta-

tionaryandareconfiguredtomonitorboundarylayermixingratiosthatareoften

muchhighercomparedtouppertroposphericvalues.

Althoughsatellitemissionsareextremelyexpensive,theydeliverdatacontinuously

forseveralyearsandallowglobaldatacoverage.However,itneedsalotofexper-

tiseandthoroughanalysistoextractmixingratioswithhighaccuracyatdifferent

altitudesfromverticalcolumndensities.

SO2canberetrievedbyitsultraviolet(UV)absorptionwavelengths,e.g.between

290and317nm[Brassington,1981]orbyitsthermalinfrared(TIR)absorption

bandsat7.3and8.6µm.

UV-basedinstruments(e.g. withthe Global Ozone MonitoringExperiment–2

(GOME–2)ortheOzone MonitoringInstrument(OMI))arecapableofdetect-

ingboundarylayerSO2[Krotkovetal.,2008]. However,absorptionwavelengths

<320nmmayalsobestronglyaffectedbystratosphericO3absorption,andsmall

uncertaintiesintheO3retrievalmayhaveasignificantimpactonSO2calculations.

MeasurementsinTIR(e.g. withtheInfraredAtmosphericSoundingInterferom-

eter(IASI)orthe MichelsonInterferometerforPassiveAtmosphericSounding

(MIPAS))relyonatemperaturecontrastbetweensurfaceandair.Theyallowfor

boundarylayermixingratiomeasurementswithgoodsensitivityonlyundercertain

circumstances[Bauduinetal.,2014]. However,TIRmeasurementsaresuitedto

trackintercontinentaltransport[Clarisseetal.,2011]orvolcaniceruptions[Clarisse

etal.,2012].

Manyeffortshavebeenmadeinrecentyearstovalidateretrievalmethodswith

in-situmeasurements(e.g.[Fioletovetal.,2015,2013,Höpfneretal.,2015,2013,

McCormicketal.,2014,Theysetal.,2013]).Satellitesprovideglobalmeasurements

regardlessofpoliticalboundaries,buttheyhavelimitedspatialresolution(e.g.OMI

hasafootprintof13x24km2atnadir)[Leveltetal.,2006].Furthermore,mostsatel-

liteproductsonlyprovidevaluesintegratedoveraverticalcolumn.Theyserveas

valuablemonitoringdevicesforstrongSO2sourcesandtheiroutflows. However,

forinvestigationofSO2transportprocesseswithhighvariabilitybothinvertical

andhorizontaldimensions,ahigherspatialresolutionforSO2measurementsisto

beaimedfor.
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3.1AtmosphericSulfurDioxideMeasurements

Inthelastdecade,UnmannedAerialSystems(UAS)werebecomingpopularfor

scientificuseduetotheirlongflightdurationandreducedoperationalcosts[Watts

etal.,2012].ForinstanceReuderetal.[2009]describethedeploymentofanun-

mannedsystemformeteorologicaldatameasurementsintheboundarylayer.The

mostfamousplatformsaretheGlobalHawksoftheNationalAeronauticsandSpace

Administration(NASA).Theyhavebeendeployedsince2009[Naftel,2009],however

(safety)regulationsconcerningUASoperationarestillunderdevelopment.

Airbornemeasurementsareexpensive,buttheyprovidecertainadvantagesuseful

forthepresentstudy[McQuaidetal.,2013,Schumannetal.,2013a].Flightpatterns

arelargelycontrollableandrangefromboundarylayerheightupto20kmaltitude.

Aircraftcancoverdistancesofseveralthousandkilometers,andairborneinstruments

measuringwithafewHzprovideahighspatialresolution(dependingonaircraft

speedthiscorrespondstoadistancebetweendatapointsofabout100–1000m).

Detectionlimitsforin-situmeasurementsareusuallyverylowcomparedtoother

methods(intheppqvtoppmvrange). Moreover,processstudiesorfullLagrangian

flightsarepossible,includingseveralsamplingperiodsofthesameairmass. The

suiteofinstrumentsdeployedcanbeadaptedwithregardtothescientificobjectives.

ForSO2,airbornemeasurementsinthetropopauseregionareespeciallyvaluable

becausetemperaturesarethelowestatthesealtitudesandthusaerosolformation

isfavored. Overall,airbornemeasurementsofferalowdetectionlimit,adaptable

flightpatternwithasufficientcoverageandbothhighhorizontalaswellasvertical

resolution.TheyarewellsuitedtostudySO2transportprocessesintheUTLS.

3.1.1ResearchAircraftDLRFalcon

Forthecasestudiespresented,uppertroposphericin-situmeasurementsweremade

usingaDassaultFalcon20(Figure3.1).TheFalcon20isaveryrobustandreliable

aircraft,reachingamaximumaltitudeof12.8kmandamaximumrangeofabout

3700km.Itsmechanicalandaerodynamicperformanceenablesresearchflightsin

extremesituationssuchasthunderstorms[Huntrieseretal.,2016a,b],volcanicash

plumes[Schumannetal.,2011,Voigtetal.,2014]orintheexhaustofotheraircraft

[Jeßbergeretal.,2013,Jurkatetal.,2011,Schumannetal.,2013b,Voigtetal.,2010].
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3AtmosphericMeasurementsandPlumeTransportModeling

TheresearchaircraftisoperatedbyDeutschesZentrumfürLuft-undRaumfahrt

(DLR)andismodifiedtosecurelyhostscientificinstrumentation.Gasandparticle

in-andoutletsareprovidedtoenabletheprocessingofambientair. Meteorological

datasuchasposition,altitude,windvelocity/directionandhumidityisobtainedby

sensorslocatedinanoseboomtoavoidtheinfluenceoftheaerodynamicprofile

formedbytheaircraft’smovement1.

Figure3.1:DLRDassaultFalcon20Eresearchaircraft‘D-CMET’atitsbasein
Oberpfaffenhofen.Visiblearethenoseboomandseveralinletsattopoftheairplane.
TakenfromtheDLR Webpage:ResearchAircraft2.

Twoairborneresearchcampaigns(named‘GravityWave-LifecycleI’(GW-LCycleI)

and‘DeepPropagating WaveExperiment’(DEEPWAVE),respectively)werecon-

ducted.Theaircraftwasequippedwithaseriesoftracegasandaerosolinstruments

aswellasa2µ-LIDAR.Figure3.2showstheinstrumentpayloadforbothcampaigns.

Table3.1summarizesthedetectedtracespecies,themeasurementtechniquesand

theirpositionsintheaircraft.

Duringflights,aminimumcrewof2pilotsandamechanicwereon-boardaswellas

1Moreinformationat:http://www.dlr.de/fb/en/desktopdefault.aspx/tabid-3714/
2http://www.dlr.de/dlr/en/desktopdefault.aspx/tabid-10203/339_read-275#/gallery/129
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3.1AtmosphericSulfurDioxideMeasurements

Figure 3.2: Airborne payload onthe DLR Falconfor GW-LCycleI and
DEEPWAVEmissions.Racks1–6hostthescientificequipment.Formeasuredtrace
speciesandabbreviations,seeTable3.1.InletD,therearone,wasusedforRack3.

twoscientiststakingcareofthemeasurements.

Figure3.3:CI-ITMSinstrument

Figure3.3showsthe ChemicalIoni-

zationIon Trap Mass Spectrometer

(CI-ITMS)racksdeployedintheaircraft

forSO2measurements.Therear-facing

inletDisshownatthetopofthecabin,

providingtheprobegasflowforthein-

strument.Allsamplingtubesaremade

ofperfluoroalkoxy(PFA),achemically

inertandflexiblematerialtoreducein-

leteffects. Anelectronicallycontrolled

valveregulatesthepressureintheflow

tubereactor(notshown).Therearrack

hoststheionsource,theiontrap,its

controlsandpowersupply,the mem-

braneandturbomolecularpumpsaswell

astheheliumgasbottle.Thefrontrack

hostsperipheralequipmentsuchasthe

sourcegasbottles,thecalibrationgas
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3AtmosphericMeasurementsandPlumeTransportModeling

chamberandmassflowcontrollers.AsthefrontrackisonlyfilledhalfwithCI-ITMS

systems,aCondensationParticleCounter(CPC)aswellastwoH2Oinstruments

(WVSSandCR2)weredeployedinthefrontrackaswell.Theexhausttubeleads

totherotaryvanepump(notshown)ontheothersideoftheaircraft. Thenext

sectionwilldescribetheSO2measurementtechniqueindetail.

Species MeasurementTechnique Abbreviation Rack

SO2 ChemicalIonizationIonTrapMassSpectrometry CI-ITMS 3,4

CO,N2O QuantumCascadeLaserSpectroscopy UMAQS 5

O3 UV-fluorescence EPAL 6

CO2,CH4 CavityRingdownSpectroscopy EPAL 6

H2O DewPointMirror,TunableDiodeLaser CR2, WVSS 3

CNparticles CondensationParticleCounter CPC 3

Table3.1:Measuredtracespecies,measurementtechniquesandabbreviationsof
instrumentsdeployedduringGW-LCycleIandDEEPWAVEcampaigns.Forrack
positions,seeFigure3.2.

3.1.2SulfurDioxide MeasurementswithChemicalIonizationIonTrap Mass

Spectrometry

ThissectionintroducesthedetectionandcalibrationtechniqueforSO2 with

CI-ITMS.Inshort,thedetectionprincipleoftracegasmoleculeswithCI-ITMS

includesthefollowingsteps:theambientneutraltracegasmoleculeshavetobe

transformedintochargedionswhichcanbedirectedbyelectric(ormagnetic)fields.

Theions’movementsduetothosefieldsdependontheirvelocity,chargeandtheir

masses.Thus,ontheassumptionsthatthegasflowisconstantandthattheions

carryonlyasinglecharge,themassesoftheionizedtracegasmoleculescanbe

distinguishedbytrackingtheirspecificpathinthemassspectrometer. Toobtain

aquantitativeoutput,permanentin-flightcalibrationwasdeployed.Inorderto

ensurehighdataquality,thoroughlaboratorycharacterizationsofthecurrentstatus

oftheinstrumentwereundertakeninthecourseofcampaignpreparation. These

aspectswillbedescribedindetailbelow.
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3.1AtmosphericSulfurDioxideMeasurements

3.1.2.1ChemicalIonizationofSulfurDioxide

Chemicalionization(CI)wasintroducedbyMunsonandField[1966].CIisarather

softionizationtechnique(e.g.comparedtoelectronimpact(EI)ionization).Lower

energiesduringionizationresultinlessfragmentationofthegasmolecules. CI

thereforeleadstomoredistinctivespectrawhichcanbeinterpretedmoreclearly.

Foratmospherictracegasmeasurements,ChemicalIonizationMassSpectrometry

(CIMS)wasdeployedforthefirsttimeinthe1980sbythegroupofFrankArnold

atMax-Planck-InstitutfürKernphysikinHeidelberg[Arnoldetal.,1978,Arnold

andHauck,1985,ArnoldandHenschen,1978,Arnoldetal.,1981].TheCI-ITMS

instrumenthasalreadybeendeployednumeroustimesindifferentconfigurations

forthemeasurementofseveraltracespecies(recentlye.g.forSO2[Fiedleretal.,

2009a,b,Speideletal.,2007],forPeroxyAcetylNitrate(PAN)[Roigeretal.,2011a]

andforH2SO4[Aufmhoffetal.,2011]).

Chemicalionizationincludesthefollowingsteps:first,moleculesofasourcegasare

ionizedinan‘ionsource’,e.g.byanelectricaldischarge.These‘eductions’E±are

theninjectedintotheflowtubereactorintowhichtheprobegasisled.Theeduct

ions’reactionswithtracegasAform‘productions’P±andaneutralbyproductBat

acertainconversionratewithratecoefficientk(k≈10−9cm3/s).kischaracteristic

ofeveryion-molecule-reactionandcanbeinterpretedastheinverselifetimeofthe

tracegasmoleculesforthecorrespondingreaction.Summarizing,thebimolecular

ion-molecule-reactionholds:

E±+A
k
−→P±+B (3.1)

Theselectionofanadequatesourcegasenhancestheproductionofthedesirededuct

ions,andhencethedominantdetectionreactioncanbechosen.Oxygenisusedas

sourcegasfordetectionofSO2.Electronsproducedintheionsourceattachtothe

oxygenmolecules/atomsbecauseoftheirappreciableelectronaffinity(0.5eV).The

primaryions(O−andO−2)formCO
−
3aseductions.
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3AtmosphericMeasurementsandPlumeTransportModeling

ThereactionofSO2tracegasmoleculeswithCO
−
3eductionsproceedsintwosteps

[Möhleretal.,1992]:

CO−3(H2O)m+SO2
km−→SO−3(H2O)n+CO2+(m−n)H2O (3.2)

Reaction(3.2)isfollowedbytherapidconversionofSO−3ionsintoSO
−
5watercluster

ionsbyaswitchingreactionwithO2whichisavailableinexcess:

SO−3(H2O)l+O2
ln−→SO−5(H2O)p+(l−p)H2O (3.3)

Itisofimportancethatthedetectionreactionsarerapidandselective.

3.1.2.2IonTrap MassSpectrometry

Afterhavingintroducedthefundamentalreactionforchemicalionizationoftracegas

molecules,theprinciplesofoperatinganiontrapmassspectrometerfordetermining

theionconcentrations(precisely,theirrelativeintensities)willbedescribedinthis

section.TheiontrapisanadaptedversionoftheinstrumentFinniganMAXLCQ

fromFinniganCompany,USA.

Figure3.4sketchestheflowtubereactorwheretheionizationprocesstakesplace

asdescribedintheprevioussection3.1.2.1.Aftertheionizationregion,mostofthe

(neutral)airmassflowsdirectlyoffthroughacriticalorifice3placedinarotaryvane

pump(Alcatel/Adixen2021).Thegeneratedeductandproductionsareguidedby

anionopticsintothequadrupoleiontrapmassspectrometer4.Theturbomolecu-

larpump(TMP)(BalzersPfeifferTMH260/130)createsnear-vacuumconditions

3Acriticalflowoccurswhentheupstreampressure(regulatedasflowreactorpressure)isabout
twicethedownstreampressure(orlarger). Thenthevelocitythroughtheorificeequalsthe
speedofsound.Asthestandardflowreactorpressureissetat50hPa,thepumphastoreduce
thelowsidepressuretoatleast20hPa.Thecalibrationoftheorificeisgiveninsection3.1.2.4.

4Inventedby WolfgangPaulinthe1950s[Paul,1990,PaulandRaether,1955,PaulandStein-
wedel,1953],thequadrupoleiontrapisalsocalledPaultrap.APaultraponlyuseselectrical
fieldsformassselectioninsteadofmagneticfields(thepreviousemploymentofmagnetsof-
tenmadetheinstrumentsheavyandunwieldy).PaulearnedaNobelPrizeforthisinvention
in1989.
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ionTsource

probeTgas

withTtraceTgasTA

sourceTgas
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Figure3.4:SetupofCI-ITMSinstrument:IncomingprobegasmoleculesAare
ionizedbyeductionsE− producedintheionsource.ProductionsP− areledinto
theiontrapwheretheyareseparatedbytheirmass/chargeratio. Threepumps
providethenecessarygasflow:themainflowexitsthroughacriticalorificeina
rotaryvanepump,theiontrapispumpedbyaturbomolecularpumpwhichisbacked
byamembranepump.

(ionoptics:≈10−3hPa,iontrap:≈3x10−5hPa)toavoidion/molecule–molecule

collisionsandthustoincreasetheions’meanfreepath. TheTMPisbackedby

amembranepump(Vacuubrand,MZD4).Theopticsconsistsoftwoelectrostatic

octapolelensesandaninterjacentinteroctapolelensthatactsasanelectrostatic

gatebypulsedapplicationofhighpositiveornegativevoltages.Adjustingthevalues

forthedifferentvoltagesmakesitpossibletostabilizeionspreferablywithcertain

chargetomassratios.Theinjectiontimeperscanintothetrapcanbeadjustedauto-

matically(‘AutomaticGainControl’,AGC)whichfixesacertainnumberofionsfor

eachmassscan(typicallyabout107–108ions).Inordertobeabletodeterminethe

specificinjectiontimeforthenextscanashortpreliminarymasspre-scanestimates

thenumberofmeasuredionsinacertaintimeframe(‘microscans’).Thisflexible

procedureisadvantageouscomparedtofixingacertaininjectiontime,becausethe

incomingtotalnumberofionspertimechangesduringairborneatmosphericmeas-

urements,e.g.withaltitude.Iftoomanyionsaretrapped,coulombforcesbetween

themmaydeflecttheirtrajectories,whichreducesmassresolution.

Thequadrupoleiontrap,illustratedinFigure3.5,consistsofanelectrodearrange-
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3AtmosphericMeasurementsandPlumeTransportModeling

Figure3.5:a)PictureoftheionopticsandiontrapdeployedintheCI-ITMS
instrument.b)Theiontrapcomprisesthreeelectrodeswithhyperbolicsurfaces:
Thecentralringelectrodeandtwoadjacentendcapelectrodes.Thedeviceisradially
symmetrical,ρ0andz0defineitssize.Inaniontrapwithidealgeometryρ

2
0=2z0

holds.Figureadaptedfrom WongandCooks[1997].

mentconsistingofhyperbolicrods,namelytwoendcapelectrodesandaringelec-

trodeinbetween.Theelectrodescreateapotential̂Φ(ρ,z,t)insidethetrap. Witha

constantDC-potentialwithamplitudeUandasinusoidalAC-potentialoscillating

withfrequencyΩandwithmaximumamplitudeV,itholds:

Φ̂(ρ,z,t)=
(U−V·cos(Ωt))

2

ρ2−2z2

ρ20
(3.4)

Withequation(3.4)andusing ∆Φ̂=0,thispotentialresultsinthefollowingequa-

tionsofmotionforionswithchargeeandmassm:











ρ̈

ϕ̈

z̈











=
e

m
∇Φ̂=−

e

mρ20
(U−V·cos(Ωt))











−ρ

0

2z











(3.5)

Withdimensionlessparameters
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az=−2aρ=−
8eU

mρ20Ω
2
,qz=−2qρ=

4eV

mρ20Ω
2
and ζ=

Ωt

2
(3.6)

oneachievesMathieu’sdifferentialequations[Mathieu,1868]:

d2

dζ2


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

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



ρ

ϕ

z






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

+




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
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(aρ−2qρ·cos(2ζ))ρ

0

(az−2qz·cos(2ζ))z











=0 (3.7)

Solutionstothe Mathieuequationsareclassifiedasstableorunstable.Stability

regionsimplythatallthreecomponentsofthetrajectoryofaparticleremainfinite

overtime. Thesestabilityregionsdeterminerangesofazandqzoraρandqρ,

respectively,inwhichionswithacertainchargetomassratiocanbestabilizedin

axialandradialdirections.Thus,choosingcertainvaluesfortheparametersU,V

andΩresultsinkeepingionswithacertainchargetomassratiointhetrap.Only

ionswithstabletrajectoriesandcertainpreferredinitialconditionsregardingtheir

positionandvelocitywillstayinthetrap;theotherionswillhittheelectrodesover

time.

ThestabilitydiagramwithrespecttostablesolutionsoftheMathieuequations(3.7)

inbothdirections(ρandz)isshowninFigure3.6.Afterclosingthetrapandstabi-

lizingtheionsinanorbit(moreorless)inthecenterofthetrap,theyareselected

massbymassviarampingtheamplitudeofvoltageV5appliedattheringelec-

trode.Thisso-called‘massselectiveinstabilitymode’(introducedbyStaffordetal.

[1984])impliesthataz(∝U,equation(3.6))stayszeroduringthewholescanning

procedure.Inthismode,allpossiblechargetomassratioscanbemeasuredinone

5Inthepresentcase,theendcapelectrodesaregroundedandonlythealternatingvoltageVis
appliedattheringelectrode(i.e.,U=0). After March[1997]thisresultsinanadditional
constantforthepotentialΦ(ρ,z,t),butdoesnotchangetheequationsof motiongivenin
equation(3.5).
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operating line for

mass selective instability

operating line for

mass selective stability

qeject = 0.908

qz

az

z stability

ρ stability

βρ

βz

(0,0)

Figure3.6:Stabilitydiagramin(az,qz)-spaceforMathieuequations(3.7)showing
theregionofsimultaneousstabilityinboththeρ-andz-directionnearthecenter
(0,0)ofathree-dimensionalquadrupoleiontrap.βi(ai,qi)(withi=z,ρ)isgivenby
βi≈qi/

√
2forsmallqiandai=0.Ionsaresketchedasredcircleswithincreasing

radiusforhighermassesm.Asqz∝1/m,ionswithsmallermassresideathigher
qz-values.Forqz=0.908theionsbecomeinstable.IfvoltageVisramped(‘mass
selectiveinstabilitymode’),theionsmoveconsecutivelyinaqz-direction,andfinally
leavethetrapmass-selected.FigureadaptedfromMarch[1997].
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massscan6.AsqzisdirectlyproportionaltoV(equation(3.6))theionsapproach

theregionofinstabilitywithrisingV(withqz=0.908asboundary).Theirexcur-

sionsinaz-directionincreaseuntiltheyexitthetrapthroughaholeintheendcap

electrode;ionswithsmallermassesleavethetrapfirstinaz-direction.Thenumber

ofionspermassunitisthenmeasuredbytheirimpactonaconversiondynode.

Thesignalisintensifiedbyanelectronmultiplier,andisinterpretedasrelativeion

intensityinarbitrarymassunits(amu).Theionsignalisnotgivenasioncounts,

becausetheoutputbytheiontrapsoftwaredoesnotdirectlyrepresentthenumber

ofionscounted,butalreadyincludesacorrectionfactor.Asthisfactorappliesto

allmass/chargeratios,itdoesnotinfluencetheupcominganalysis.Table3.2shows

thevaluesforthemainsettingsoftheinstrumentasevaluatedduringtheprocess

ofoptimizationforthecampaignsGW-LCycleIandDEEPWAVE.

Parameter GW-LCycleI DEEPWAVE [unit]

Tunefile ‘gw-lcycle-114’ ‘deepwave_114’

Microscans 10 10

AGC 1·108 5·107

MassRange 20–200 20-200 [amu]

Multipole1Offset -0.80 -0.80 [V]

LensVoltage 9.50 11.00 [V]

Multipole2Offset 30.00 30.50 [V]

MultipoleRFAmplitude 880 960 [Vpp]

Table 3.2: Instrumentsettingsoftheiontrapduring GW-LCycleIand
DEEPWAVE,tunedfordetectionofambientSO2at114amu.

Toimprovethestabilityoftheions’trajectoriesinsidethetrap,aconstantaddi-

tionalfluxofheliumisinjecteddirectlyintothetrap.Scatteringofionswiththe

heliumatomsreducestheions’kineticenergythroughcollisionaldamping. Their

trajectoriescanbestabilizedmoreeasilyandmoreionscanbecollectedforone

6Theothermodeofoperation,theso-called‘massselectivestabilitymode’rampstheamplitudes
oftheRFandDCvoltagesappliedtotheringelectrodeataconstantV/Uratioinorderto
storeonlyionswithasinglechargetomassratiointhetrap.Thismodeisnotgenerallyused
anymore,becauseawholemassscanisonlyobtainedbytheadditionofhundredsofspectra–
whichresultsinslowandpoorsensitivity,asmostionsarewasted.
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scaninthecenterofthetrap. Theinjectionofhelium(oranotherlowmolecular

weight-dampinggas)thereforeenhancesmassresolution,detectionlimitandsen-

sitivity.Theadvantagesgainedbycollisionaldampingareanalyzedthoroughlyin

Staffordetal.[1984].Besides,scatteringoftenstripsoffweaklyboundligands,e.g.

water.Thisimprovessensitivitybecausetheproductions’detectionisconcentrated

ononlyonemasspeak.

Inprinciple,thetracegasconcentration[A]canbederivedtheoreticallyfollowing

ArnoldandHauck[1985]:

[A]=
1

k·tRT
ln1+

[P±]

[E±]
(3.8)

withratecoefficientk,reactiontimetRT andtheratioofionconcentrations

[E±]/[P±]. However,thesevariablesunderlieuncertaintieswhicharedifficultto

determineduringflightand,therefore,constantlychangingambientconditions(e.g.

suchashumidityandtemperature,thetransmissionrateofthetracegasthrough

theinlet,theadhesivepropertiesofthetracegasregardingthetubingwallsaswell

asdifferentiontransitionratesintothespectrometerforeductandproductions).

Thus,itismoreconvenienttocalibratethemeasurementswithagiventracegas

standard7.

3.1.2.3PermanentIn-FlightCalibration

Foratmosphericmeasurements,anonline-calibrationisconvenientbecauseittakes

intoaccountvaryingambientconditionssuchaspressure,humidityortemperature.

Oneaddsthetracegaswithacertainknownmixingratiooccasionallyduringthe

flightsor,ideally,oneaddspermanentlyanisotopicallylabeledstandardduring

7Technically,varioustracegasescanbemeasuredsimultaneouslywithCI-ITMS.However,com-
petingreactionsincreasethecomplexityoftheresultingspectraandoftenanoptimizedsen-
sitivityisonlyachievableforasingletracespeciesatatime. Thislimitsthepossibilityof
simultaneoustracegasmeasurementsinpractice.
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flights.Permanentcalibrationisespeciallyvaluableforairbornemeasurementsre-

gardingrapidlychangingconstraintssuchasascentsanddescentsor(temporally

delayed)tubingeffectsthatcannoteasilybereproduced.

Sulfurhasfourstableisotopes:32S,33S,34Sand36S.32SO2moleculesdominatethe

atmosphericSO2.
34SO2convenientlyservesasacalibrationstandard.Criticalto

thisapproachisthatbothmoleculesundergothesamereactions,behavesimilarlyin

theiontrapandare,therefore,detectedequallywell.However,thisassumptionis

reasonablesincetheirmolecularstructureandmassaresimilar.Themasspeaksof

theresultingproductions(SO−5)aredetectedonlytwoamuapartfromeachother

–at112and114amu,respectively. Theothersulfurisotopesaswellasoxygen

isotopesarenotconsideredduetotheirlowabundance.

Figure3.7:Massspectrum,averagedover5singlespectra,forthefirstDEEPWAVE
flighton11July2014ataround06.22UTC(correspondingtoeventP2asdescribed
inChapter4.1).Shownistheionsignal[a.u.]formasstochargeratiosbetween
50and140amu.Alsoindicatedarethemostrelevantionscontributingtothedom-
inantmasspeaks.

Figure3.7showsanexemplarymassspectrumformassesbetween50and140amu,

averagedover5singlespectra. Themassspectrumdepictsenhancementsinam-

bientSO2concentrationofabout350pptvduringthefirstDEEPWAVEflighton
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11July2014(eventP2asdescribedinChapter4.1).Thestandardcalibrationgas

containedaSO2concentrationofCstd=1ppmvinnitrogen6.0(Westfalen,charge

number3943182)andwascontinuouslyaddedintothesamplinginletataknown

concentrationCs≈350pptvduringflight.Therefore,themasspeakat112amuis

herecomparablyashighasthemasspeakat114amu. Theeductionsat60amu

(CO−3)dominatethespectrum.Byproductsofeductionproductionarethemasses

at61(HCO−3),77(HCO
−
4)and79(HCO

−
3(H2O))amu.Ambientnitrogenpromotes

thepeaksat62(NO−3)and123(CO
−
3(HNO3))amu.ReactionofSO2alsoproduces

masspeaksat97and99(HSO−4)amu,butclearlythemasspeaksat112and114amu

(SO−5)providethebestsensitivityfordetectionofSO2.Thesensitivityoftheinstru-

mentistunedtoproductionmassesat114amu;thus,theeductionsignalat60amu

isstronglydiscriminated:inreality,thedifferencebetweeneductandproduction

concentrationsismuchlarger.

Figure3.8:ContributionsofatmosphericSO2,calibrationstandardandbackground
tomassesat112and114amu.Kss,Ksa,Kas,Kaaaresharesof

32Sand34S,re-
spectively,incalibrationstandardandatmosphere.Therelativeionsignalatmass
112amu(IS112)iscomposedoftheactualSO2signalat112amu([112])andthe
backgroundsignalat112amu(BG112). ThesameholdsfortheSO2signalat
114amu:IS114=[114]+BG114.Notethatthefigureisnottoscale.

Ithastobeconsideredthat,ontheonehand,theheaviersulfurisotope,34SO2,

occurstoacertainamountintheatmosphereandthat,ontheotherhand,the

standardcontainstracesofthelightersulfurisotope,32SO2. Thus,thestandard
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contributestotheatmosphericpeakat112amu,andtheambientSO2contributes

tothecalibrationpeakat114amu.Figure3.8clarifiesthedifferentcontributions

ofSO2isotopesfromstandardandatmosphere.Itholds:

[112]=KasCs+KaaCa (3.9)

[114]=KssCs+KsaCa (3.10)

Kasdenotesthepercentageof
34SandKaathepercentageof

32Sinambientair.Kss

representsthepercentageof34SandKsarepresentsthepercentageof
32Sinthestan-

dard.Thevaluesof{Kij}with{i,j}={s,a},namedBandyfactorsafterBandy

etal.[1993],weredeterminedfromliterature(atmosphere)andlaboratorystud-

ies(standard).TheyarelistedinTable3.3.SulfurisotopeabundanceratiosKas,

KaawereobtainedusingtheVienna-CanyonDiabloTroilite(V-CDT)standardas

referencematerial[Dingetal.,2001]ontheassumptionthat32S+34S=1.Thelab-

oratorystudytoobtainKsaandKssusedtheionsignalchangesat112and114amu

whileaddingthestandard(Ksa=[112]/([112]+[114]),Kss=[114]/([112]+[114])).

Csdenotestheconcentrationofthestandard,CatheconcentrationofambientSO2

inthesampleflow.[112]and[114]denotethebackgroundcorrectedionsignalsat

masses112and114amu. Thebackgroundconsistsofinstrumentnoiseaswellas

anunresolvableminimumSO2levelintheatmosphereorimpuritiescomingfrom

withintheinstrument.

Parameter Symbol Value

percentageof32SO2instandard Ksa 4%

percentageof34SO2instandard Kss 96%

percentageof34SO2inambientair Kas 4%

percentageof32SO2inambientair Kaa 96%

Table3.3:Bandyfactorsofthetwodominantisotopes32SO2and
34SO2inthe

calibrationstandard(Ksa,Kss)andintheatmosphere(Kas,Kaa).
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Equations(3.9)and(3.10)withR=[112]/[114]aresolvedfortheSO2mixingratio

inambientair,Ca:

Ca = Cs·
KssR−Kas
Kaa−KsaR

(3.11)

NexttotheBandyfactorsandtheionsignals,themixingratioofSO2fromthe

standardinthesampleflow,Cs,hastobedetermined.Thismainlydependsonthe

(undiluted)mixingratioCstdofthestandard(std)inthecalibrationgaschamber

andthesettingofgasflows.Figure3.9sketchesthegasflowsetup.Thestandard

flowΦSO2,isledintothesampleflowshortlybehindtheaircraftinlet. Thisis

necessarytoreflectthesameconditionsthatambientSO2facesinthesystem.The

totalflowΦthroughthesystemisthesumofambientsampleflowΦs,thesourcegas

flowΦO2throughtheionsourceandthestandardgasflowΦSO2,Φ=Φs+ΦO2+ΦSO2.

Whereasthesampleflow Φsremainsvariable,thestandardandsourcegasflows

ΦSO2,ΦO2 aresetandmonitoredpermanentlyby MassFlowControllers(MFC)

(Bronkhorst8),thusremainconstant.

Figure3.9:Compositionofgasflowsintothesystem:Φ=Φs+ΦSO2+ΦO2. MFCs
(MassFlowControllers)fixtheflowsΦSO2andΦO2,avalveregulatestheflowreactor
pressurepFR.Cstd:ConcentrationofstandardincalibrationgaschamberflowΦSO2,
Cs:ConcentrationofSO2fromstandardinsampleflowΦs,Ca:Concentrationof
ambientSO2insampleflowΦs.

8www.bronkhorst.com
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Anelectronicallycontrolledvalveregulatesthe(changing)ambientpressuredownto

apressurepFRintheflowreactortoobtainconstantconditionsfortheionreactions.

Sometimes,e.g.duringascentsordescents,thevalvecannotadjustquicklyenough

tomaintainthepressureconstantatdefaultpressurep0FR.SinceΦSO2andthereby

CstdisheldconstantbytheMFC,thestandardSO2concentrationCschangesin-

directlyproportionaltofluctuationsinsampleflow(showninsection3.1.2.4).For

instance,ahighersampleflowimpliesthattheconstantstandardflowΦSO2isdi-

lutedbyalargeramountofambientgas.SinceΦs∝pFR,thisfluctuationcanbe

calculatedusingtheconstantlymonitoredparameterpFR. Thus,forthestandard

mixingratioCs,itholds
9:

Cs=
ΦSO2

Φ·(pFR/p0FR)−ΦO2
·Cstd (3.12)

Valuesobtainedfortheseparametersarepresentedinthenextsection,3.1.2.4,

togetherwithcalibrationsandadiscussionofmeasurementerrors.

Figure3.10:Massspectrumzoomedonproductlines 32SO−5and
34SO−5at112and

114amu,respectively.Shownareatypicalmassspectrumfordetectionofatmos-
phericSO2inblackaswellasatypicalambientbackgroundmassspectruminred
(obtained30minuteslater).Bothareaveragedover5singlespectra.

9ΦSO2inthedenominatorisnegligiblebecauseitcontributesonlyabout0.03%ofthetotalflow.
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Toillustratethatmassresolutionoftheiontrapissufficientforadistinctseparation

ofbothisotopes,Figure3.10zoomsonproductlinesat112and114amu.Gaussian

fitsalongthepeaks(notshown)leadtoaFull WidthHalfMaximum(FWHM)of

0.3amu,clearlydemonstratingthemeasurementcapabilitiesoftheinstrument.

Figure3.10showsambientSO2concentrationsof≈350pptvaswellasaspectrum

obtainedunderatmosphericbackgroundconditions.Bothareaveragedover5single

spectra.Asexpected,thecalibrationpeaksignalisslightlyhigherforthefirstcase,

asambientSO2alsocontributestothemasspeakat114amu.

Figure3.11:LinearityofSO2signalbetween0and2.5ppbv.Ionsignalvaluesare
notbackground-corrected,sincebackgroundisassumedtobeconstantforlaboratory
conditions.

OnlyasingleSO2mixingratioisaddedcontinuouslytomonitorthechangingam-

bientSO2mixingratios.Essentialtothisapproachisthattheproductionsignal

andmixingratiosarelinearlycorrelated.Figure3.11showsthislinearityforSO2

mixingratiosbetween0and2.5ppbv. Mixingratiosforplumeencountersduring

GW-LCycleIandDEEPWAVEwereonlyabout1ppbvatmaximum–thusperma-

nentisotopiconlinecalibrationisapplicable.

ToensurehighqualitydatafortheGW-LCycleIandDEEPWAVEfieldcampaigns,

furthercharacterizationsoftheinstrumentsetupanddataoutputhavebeenmade

inthecourseofcampaignpreparationandduringpost-processing.
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3.1.2.4 DataQualityduringGW-LCycleIandDEEPWAVE

Thissectiondealswiththedetectionlimitsofthemeasurements,potentialcross

dependenciesofthebackgroundcorrectionandadiscussionofmeasurementerrors.

TheLimitOfDetection(LOD)isdefinedhereastwicethestandarddeviationof

backgroundσ112+BG atmass112amuwhileaddingthestandard.Toconvertthisnum-

berintoaconcentration,thevariableisscaledwiththesensitivityoftheinstrument,

Ŝ,whichisassumedtobeequalforbothSO2isotopesandtheirproductions.Since

ambientSO2onlyholdsanamountKaaof
32SO2itholds:

LOD=
2σ112+BG

Kaa
·̂S−1=

2σ112+BG

Kaa
·
CsKss
[114]

(3.13)

withKss=0.96,Kaa=0.96,Csbeingthestandardconcentrationinthesampleflow

and[114]beingthebackgroundcorrectedionsignalat114amu(seealsoprevious

section3.1.2.3).Timeresolutionforsinglespectrumperiodswasabout2–2.5sec-

onds.Ifspectraareaveragedoverxspectra,x∈N,thestandarddeviationaswellas

LODxdecreases.However,thisisaccompaniedbyaworsetime(andspatial)resolu-

tion.ValuesobtainedforbothcampaignsarelistedinTable3.4.ForGW-LCycleI,

theoverallinstrumentperformancewasbettercomparedtoDEEPWAVE:sensitivity

washigher,LODwaslower(12pptv10forGW-LCycleI,25pptvforDEEPWAVE).

Toachieveabetterperformance,theinstrumenthastoberunwithcleansynthetic

airaslongaspossibletoreduceimpuritiesinthesystem.However,preparationtime

forDEEPWAVEwasshortbecausetheprecedingmeasurementcampaign(usinga

differentionchemistry)hadfinishedonly4weeksbefore.SincetherelevantSO2

plumesdiscussedinChapters4.1and4.2,respectively,areselectedforenhance-

mentswithSO2mixingratios>100pptv,theLODclearlysufficesfortheanalysis

inbothcases.

10DuetoanerroneoussettingoftheRFamplitudevalue(120insteadof880Vpp)forsomeparts
oftheflightsonlyanLOD5of14pptvcouldbeachieved.ThisholdsforenhancementsQ1,Q3,
Q4andQ5describedinsection4.2,butisofnorelevancefortheupcominganalysis.
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LOD[pptv] LOD5[pptv] Ŝ[a.u./pptv]

GW-LCycleI 26 12 250

DEEPWAVE 32 25 150

Table3.4:LimitOfDetection(LOD)forSO2measurementsduringGW-LCycleI
andDEEPWAVEforsinglespectraandanaverageover5spectra.LODandŜare
definedinequation(3.13).

DifferenterrorsourceshavetobeconsideredwhenanalyzingtheambientSO2mixing

ratioCa. Asshownintheprevioussection3.1.2.3,Caisderivedbycombining

equations(3.11)and(3.12):

Ca =
ΦSO2

Φ·(pFR/p0FR)−ΦO2
·Cstd

Cs

·
Kss(

IS112−BG112
IS114−BG114

)−Kas

Kaa−Ksa(
IS112−BG112
IS114−BG114

)

B

(3.14)

Theaccuraciesofflows(∆Φ,∆ΦO2and∆ΦSO2),theuncertaintyintheconcentration

ofthestandard(∆Cstd)aswellastheaccuracyofthemonitoredpressureinthe

flowreactor∆pFRinfluencetheaccuracyofthestandardmixingratio,∆Cs.The

precisionof∆BisinfluencedbytheuncertaintiesoftheBandyfactors(∆Kij)and

thenoise∆ISoftheionsignalsat112and114amu,respectively.Furthermore,the

uncertaintyinbackgroundcorrections∆BGaddstotheseuncertainties.Figure3.12

groupsthefivedifferentsourcesoferrorwhichwillbediscussedinmoredetail

below.

Theerroroftheaddedstandard∆Csdependsontheuncertaintiesofflows.Thecal-

ibrationofthecriticalorifice(=3.5mm)determinesthetotalgasflowΦthrough

theinstrumentduringflight.Datawasobtainedclosetothefieldmeasurementperi-

ods.Figure3.13showsthelinearrelationshipbetweenflowreactorpressurepFRand

Φ.Theoperationaldefaultflowreactorpressurep0FRwassetat50hPa,whichledto

atotalflowofaboutΦ=4.6slm(GW-LCycleI)andPhi=4.7slm(DEEPWAVE),

respectively.Theabbreviationslmdenotesstandardlitersperminute,thusiscor-

rectedtoconstantconditionsoftemperatureandpressure.Therecognizedchange

ingasflowsofabout2%betweenthetwocampaignsprovokedachangeofmaterial
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Figure3.12:DifferentcontributingsourcesoferrortoambientSO2concentration
measurementsaccordingtoequation(3.14).ZA:ZeroAir.

usedforthecriticalorificefromPFAtostainlesssteel–whichismoreexpensiveand

moredifficulttomachine,butismoredurableaswell.Theotherflowsaredirectly

setbyMassFlowControllers,andthemaximumuncertaintyofflowsisgivenbythe

MFCdatasheets(0.5%ofthereading+0.1%ofthefullscale).

ThesystematicerrorforthestandardSO2mixingratio∆Csinthesampleflowis

calculatedusinglinearerrorpropagationforindependentvariables.Valuesneeded

tocalculatetheequation(3.15)arelistedinTable3.5.

With x=Φ,ΦSO2,ΦO2,Cstd,pFRitholds:

∆Cs=
x

∂Cs
∂x
∆x (3.15)

Theerrorofthestandardmixingratiointhesampleflow,∆Cs,sumsupto≈13%.

Theerrorisclearlydominatedbythedeviationofthecalibrationstandard∆Cstd,

whereastheerrorsingasflowscontributeonlymarginally. Theerrorofthecal-

ibrationstandardisgivenbythemanufacturer,andisassumedtobecalculated

conservatively. However,toreduce∆Cstd,itisrecommendedtocomparethein-

stitute’sstandardsregularlywithaprimaryreferencestandard,e.g.onefromthe

NationalInstituteofStandardsandTechnology(NIST).

TheuncertaintyinBandyfactors∆Kaaand∆Kasdependsontheatmospheric
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Figure3.13:Calibrationofcriticalorificeusedtodeterminethetotalgasflowfor
GW-LCycleI(red)andDEEPWAVE(blue).Thezoom-inshowsthemeasurements
nearp0FR=50hPaincludingerrorbarsfor∆Φ(±1%)and∆pFR(±0.5%).

isotopicmix11oftheSO2plume. With−10<δ34S<22‰,asreportedbyHarris

[2012],thecompositionchangesdependentonthesourcematerialandactualrelative

reactionratesinafreshplumeforthedifferentisotopes.AnthropogenicSO2sources

varyinδ34Svaluesbetween–5and+7‰[Derdaetal.,2007,Harris,2012,Lietal.,

2013].TheuncertaintyinBandyfactors∆Kaaand∆Kasthusisassumedto±0.5%.

TheBandyfactors∆Kssand∆Ksaweredeterminedwithanuncertaintyof±1%.

However,theinfluenceoftheseuncertaintiesonthetotalrelativeerrorislowinthe

rangeofconsideredmixingratios.

Incontrasttootheruncertainties,thestatisticalerrorofionsignalsvariesduring

flightsdependingonthesignalheight.UsingacalibrationwithvaryingaddedSO2

concentrations(seealsoFigure3.11,section3.1.2.3),the1σstandarddeviation12of

thesignals(averagedover5spectra)isexperimentallyderivedto∆IS≈18
√
IS.

11Thedelta-notationisdefinedas:δ34S= [34S]
[32S]sample

/[
34S]
[32S]V−CDT

−1·1000with[xS]denoting

thenumberofatomspresentforthesulfurisotope(x=32,34)inthesampleandtheV-CDT
standard,respectively.

12Theionsignalsa2NareinternallyprocessedcountratesN,thustheuncertaintyis∝a
√
N
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Parameterx Symbol GW-LCycleI DEEPWAVE Error∆x

pressureinflowreactor p0FR 50hPa 50hPa 0.5%

totalgasflow Φatp0FR 4.6slm 4.7slm 1%

ambientsamplegasflow Φsatp
0
FR 4.1slm 4.2slm 1.7%

O2sourcegasflow ΦO2 0.5slm 0.5slm 0.7%

standardgasflow ΦSO2 1.5·10−3slm 1.5·10−3slm 1.2%

standardconcentration Cstd 1ppmv 1ppmv 10%

standardconcentrationinΦs Csatp
0
FR 366pptv 357pptv ≈13%

Table3.5:ParametersxforSO2measurementsduringGW-LCycleIaswellas
DEEPWAVE.Thelastcolumnindicateserrors∆xoftheparametersx.

ThestatisticalerrorswerecalculatedusingGaussianerrorpropagationforx=∆IS

for∆IS112,∆IS114,∆BG112,∆BG114,respectively,aswellasforx=∆Kijwith

ij={s,a}:

∆B=
x

∂B

∂x
∆x

2
(3.16)

Inthepresentcase,anycrosssensitivitiesoccurringforthedetectionsignalofSO2

arealreadyaccountedforbypermanentisotopiccalibration. Thebackgroundis

usuallydeterminedregularlyatgroundlevelusingpuresyntheticzeroair.Typically,

theSO2backgroundcorrectioncorrespondsto7–16pptv(dependingonBG112,

BG114andŜ,respectively).However,iftheinstrumentalbackgroundisinfluenced

byachangeinatmosphericcompositionduringflight(e.g.duetoreactionswith

othertracegasesthathappentocontributetothesignalsat112or114amu),these

dependenciesmaynotbecapturedbylaboratorybackgroundmeasurements.

Watervaporisacommoncandidateforapotentialcrosssensitivity,sincewater

vaporoffersalargerangeofmixingratiosintheatmospherefromonlysomeppmv

inthestratospheretoafewtensofthousandsofppmvoverthesea.Figure3.14

showsthebackgroundionsignaldependenceonwatervapormixingratiosasbe-

tween4000and24000ppmvformassesat60,112and114amu. Theionsignals

areconstantinthisrangewithinuncertainties. However,thisstudyonlycovered
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relativelyhighwatervapormixingratios>4000ppmv. Usually,concentrationsin

theuppertroposphereareonlyafewhundredppmv.Aclosurestudyisneededin

thewatervapormixingratiorangebetweendryairand4000ppmvofH2O.

Figure3.14:Dependenceofinstrumentalbackgroundformassesat60,112and
114amu,respectively,onwatervaporbetweenmixingratiosof4000and24000ppmv
(2.5–15g/kg)ofthesampleflowΦs. Circlesshowbackgroundmeasurementswith
syntheticair,squareswithsyntheticairwithaddedCO2.Errorbarsshowstandard
deviationsoftheionsignals.

SinceCO2isnecessaryforeductionproduction(CO
−
3)andisabundantlyavailable

intheatmosphere,measurementsusingsyntheticairwithaddedcarbondioxide

(≈350ppmv)shouldimprovethereproductionofairborneconditionsinlaboratory

investigations. Figure3.14comparesionsignalsat60,112and114amuwithout

CO2andwithCO2.Asexpected,withaddedCO2,theeductionsignalat60amu

increases(170%).Backgroundsatmasses112amuand114amudecreased(71%and

84%,respectively). However,thisexperimentwasconductedforanotherproject,

andtheinstrument’ssensitivitywasnottunedtomasses112/114.Theeffectmight

belargerforthepresentlyconsideredmeasurements.

SinceatmosphericcompositionmaynotbecompletelyfreeofSO2andduetorem-

nantsofthestandardinthetubingandinstrument,backgroundsignalsobtained

duringflightserveonlyasupperestimates.Ifoverallbackgroundcorrectionswere

toohigh,thisresultsinahighersensitivityŜandanerrorfortheambientchang-
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ingSO2signaldependingonitsheight.Forexample,ifbackgroundcorrectionsfor

GW-LCycleIwere5pptvinsteadof15pptv(at112aswellasat114amu)sensitivity

wouldincreaseby+6.5units/pptv.Thiswouldresultinamaximumerror∆BGfor

SO2mixingratiosof+8%for100pptv,+3%for200pptv,0%for400pptvand-2%

for2ppbvcomparedtomixingratioscalculatedwithhigherbackgroundcorrections.

Inordertoaccountfortheseuncertainties,thebackgroundsignalwascheckedat

differentaltitudesanddifferentatmosphericconditionsduringflight.Thesecross-

checksresultinbackgroundsignalsinthesameorderofmagnitudeandthuscon-

strainbackgroundsensitivities.Overall,theerrorregardingtheinstrument’sback-

grounddoesnotdependsignificantlyonchangingambientconditions.

Figure3.15:RelativeerroroftheambientSO2concentration∆Caexemplarily
calculatedforthefirstflightAon03December2013duringGW-LCycleI.Theblack
verticallineindicatestheLOD.

Theuncertaintiesareaddedtoretrievethetotalrelativeuncertainty∆Caofambient

SO2mixingratios:

∆Ca=∆Cs+∆B+∆BG (3.17)

Figure3.15exemplarilyshows∆Cacalculatedforthefirstflighton03Decem-
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ber2013duringGW-LCycleIforSO2mixingratiosofupto1000pptv. Between

100and500pptvtherelativeerrorofmeasuredambientSO2addsupto∆Ca≈20%.

ForlowsignalsclosetotheLOD,thebackgroundcorrection∆BGuncertaintydom-

inates.

AfterhavingdiscussedtheSO2measurementtechniquewithCI-ITMSthoroughly,

thecomplementaryairborneinstrumentationwillshortlybeintroducedbelow.

3.1.3Accompanying Measurements

Complementingobservationaldataforthisstudywasprovidedbycolleaguesof

DLR–IPA(O3,CO2,radiosondes),UniversityofMainz(CO)andDLR–FX(mete-

orologicalparametersandaircraftposition).

3.1.3.1FurtherAirborneTraceGas Measurements

InadditiontoSO2tracegasmeasurements,thisstudyiscomplementedbymeas-

urementsofCO,CO2andO3.

CO(andN2O)wasmeasuredusingdirectabsorptionofacontinuous-wavequantum

cascadelaserinnearIRbasedonaninstrumentfromAerodyneResearchInc.13.

Amulti-reflectioncellwithatotalopticalpathof76mwasused. Forairborne

deployment,thecellpressurewasfixedto70mbar.Anin-flightcalibrationaccounts

forinstrumentdrifts.COmeasurementshadanabsoluteerrorof1.39ppbvandan

extraordinaryresolutionof10Hz. AdditionalinformationcanbefoundinMüller

etal.[2015].

CO2(andCH4)wasmeasuredusingcavityringdownspectroscopyinnearIRwitha

Picarro14analyzer.CO2datahasaresolutionof1Hzwithanuncertaintyof±7%.

O3wasmeasureddeployingUVabsorptionusingamodifiedTE49ThermoEnviron-

mentalinstrument. Measurementswereprovidedwith5%precisionandaresolution

of0.25Hz[Schlageretal.,1997].

13www.aerodyne.com
14www.picarro.com
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TheH2OinstrumentationisdescribedinKaufmannetal.[2014],Voigtetal.[2010],

the2µ-LIDARdescriptionin Witschasetal.[2016].

3.1.3.2Aerosol Measurements

ACondensationParticleCounter(CPC),illustratedinFigure3.16,isanoptical

instrumentthatmeasuresintegralparticlenumberconcentrationsbetweenacertain

rangeofdiameters[Wilsonetal.,1983]. Notably,CPCscanmeasureultrafine

particlessmallerthan100nmindiameter,whicharenormallydifficulttodetect

usingopticalmethods.

Figure3.16:ParticleCounter.

Themeasurementprincipleisbasedon

growingthe(small)particlestoseveral

micrometersinsize. First,theparti-

clesarriveinacomparablywarmregion

(‘saturator’)thatisfilledwithvaporof

1-butanol(C4H10O).Then,theyentera

colderarea(‘condenser’),wherethepar-

ticlesundergoheterogeneouscondensa-

tion.Thegrownparticlespassthrough

anaerodynamicnozzleandtraversea

laserbeam. Theyindividuallyscatter

thelightwhichallowsforcalculationof

thenumberconcentrationforaknownflowrate[Petzoldetal.,2013].Sincethe

measurementtechniquereliesoncondensation,theparticlesdetectedcanbede-

notedascondensationnuclei(CN).TheCPCsdeployedwerethemodels3760(GW-

LCycleI)and3010(DEEPWAVE)fromTSIGmbH.

ThediameterrangeinwhichanairbornedeployedCPCmeasuresparticlesdepends

ontheinlet,thetubinglossesaswellastheinstrumentsetup. Acut-offsizeD50

meansthatparticleswiththisdiameterarestillsampledwith50%efficiency.Below,

thelowercut-offparticlediameterDlc50andtheuppercut-offparticlediameterD
uc
50

areestimatedanduncertaintiesarediscussed.
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Thelowercut-offparticlediameterDlc50dependsondiffusiontubinglossesaswellas

theCPCdetectionefficiencyandthedifference∆Tbetweensaturatorandcondenser

temperature.

TubinglossesinthemeasurementsetupwerecalculatedwiththeParticleLossCal-

culator(PLC)programwhichisdescribedinvonderWeidenetal.[2009]. Mostrel-

evantinthiscalculationareflow(GW-LCycleI:25cm3/s=1.5l/min,DEEPWAVE:

17.0cm3/s=1.0l/min),tubinglength(≈1.5m)andinclinations/bendsofthetube.

Diffusionlossesarerelevantforparticlesof<100nmasdeterminedinFigure3.17

for1000hPaambientpressure.However,sincetheCPCwasnotdeployedatground

levelbutathigheraltitudes,theinstrumentwasoperatedatmuchsmallerambient

pressures. Withdecreasingambientpressure,themeanfreepathoftheparticlesin

thetubingincreases,resultinginhigherdiffusionlosses.Therefore,reducingambi-

entpressuresleadtohighercut-offdiameters.TheshiftinDlc50duetotubinglosses

betweenpressurelevelsatgroundandat200hPaoperatingaltitudeis+5nm(also

calculatedwithPLC).

TheCPCtransmissionshowsashiftinDlc50towardssmallerparticlediameterswith

smallerambientpressures,butalsoadecreaseinthemaximumcountingefficiency

[HermannandWiedensohler,2001].FortheTSI7610lpmodel(whichiscomparable

tothe3760model),between1000and200hPaadifferenceof–2nmoccurs[Her-

mannand Wiedensohler,2001,theirFigure2]. However,themaximumcounting

efficiencydecreasesfrom95%at1000hPato80%at200hPa[HermannandWieden-

sohler,2001,theirFigure4].

Furthermore,adecreasingdetectionefficiencyforsmallparticlesintheCPC(dueto

anon-sufficientgrowthfordetection)hastobeconsidered.TheCPCdetectioneffi-

ciencycurve,showninFigure3.17,fortheTSI3010withatemperaturedifference

of∆T=17K,isgiveninMertesetal.[1995].Forthesesettings,thelowercut-off

diameterDlc50isdeterminedto12nm.ThetwoCPCmodelsarecomparableintheir

behavioralthoughSchröder[2000]findsthattheCPCtransmissionefficiencycurve

forthe3760modelisoverallshiftedtolargerdiameters(+3–4nm)(forthesame

settings).Ontheotherhand,forGW-LCycleIalowertemperaturedifferencewas

setduringflightwhichlowersDlc50by–4.8nm,accompaniedbyasteepersizedepen-

denceofthetransmissioncurve[Mertesetal.,1995]. Hermannand Wiedensohler

[2001]findthatatemperatureuncertaintyof±0.5Kleadstoanuncertaintyofthe
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lowercut-offdiameterofDlc50=±0.5nm.However,thetemperaturedifferenceswere

constantlymonitoredduringDEEPWAVEflightsandstayintherangeof17±0.1K

–so,thisuncertaintyisnegligiblecomparedtoothers.

Pressureeffectsregardingtheinstrumentaswellasthetubingaredifficulttoquan-

tifyinalaboratorysetupbecausedifferentprocessesworkagainsteachother.How-

ever,theseeffectsareintherangeofafewnm.

Figure3.17:Transmissionefficienciesforthetubingat1000hPa(black)after
vonder Weidenetal.[2009]andCPCtransmissionefficiency(blue)afterMertes
etal.[1995]fortheTSI3010foratemperaturedifference∆T=17K,atubing
lengthof1.5m(withinclinationsandbendsaccordingtoairbornesetup)andaflow
of1.0l/min.Theredcurveshowsthecombinedtotaltransmissionefficiencies.

Overall,thebestestimatesfortheTSI3760model(GW-LCycleI)resultinalower

cut-offdiameterDlc50=11
+6
−3nmandfortheTSI3010model(DEEPWAVE)inD

lc
50

=12+6−3nmatground. Duetorestrictionsinweightandspace,onlyoneaerosol

instrumentwasdeployedontheaircraft.Thus,sincenodetailedparticlesizedistri-

butioncouldbeobtainedinthepresentsetup,theparticleconcentrationswerenot

correctedforthecalculatedtransmissionefficienciesderived. Thus,givenparticle

concentrationsarelikelyunderestimatedifsmallparticlesdp<20nmdominatethe
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particlesizedistribution.Inparticular,thishastobeconsideredforfreshnucleation

events.

Forthedeterminationoftheuppercut-offdiametersDuc50,theinletgeometryhas

tobeconsidered[Krämeretal.,2013].Inthepresentcases,arear-facinginlet

wasused.Sinceparticlesarelargerthangasmolecules,theymaynotfollowan

abruptchangeingasflowdirection.Forasimilarsetup,Hermannetal.[2001,their

Figure11]showthat,forlargeparticles(dp>200nm),theStokesnumberStkisthe

appropriateparametertodescribeparticlelosses. WhentheStokesnumberexceeds

acriticalvalue(typicallyintherangeof0.3to1.0[Dhaniyalaetal.,2003]),particles

inertiallydeviatefromthegasflowdirection.ForsmallervaluesofStk,theparticles

tendtofollowthegasflow.

ThediameterDuc50iscalculatedwiththecorrespondingStokesnumberStk50[Marple

and Willeke,1976]:

Duc50 Cc=
9Stk50µL

U0ρp
(3.18)

Stk50forroundimpactorsis0.24[Hinds,1999].Theparticledensityρpisassumed

tobe1.55g/cm3=1550kg/m3foruppertroposphericsulfuricacidaerosol[Steeleand

Hamill,1981]. U0isTrueAirSpeed(TAS=210m/sistheaveragespeedathigh

altitudelevelsforthefirstflighton11July2014),thecharacteristicdimensionofthe

flowcorrespondstotheinletdiameterL(4.55mm).Asviscosityµ(≈1.8·10−5Pa·s

atSTPconditions15)dependsontemperature,diametervalueswerecalculatedfor

theU.S.standardatmosphere[U.S.GovernmentPrintingOffice,1976]. Factor

Cc(dp)accountsfornon-continuumeffectsforparticlediametersdp<1µm[Cun-

ningham,1910]. Theaverageof
√
Ccbetween400and1000nmisabout12%,

calculatedwithparametersgivenbyAllenandRaabe[1985]. Thecorresponding

averageduppercut-offdiameterbetween6and12kmaltitudeisDuc50≈600±30nm.

Sedimentationlossesinthetubingonlybecomerelevantfordiameters>700nm

(seeFigure3.17).ThisisinaccordancewithSchröderandStröm[1997]whocon-

cludethat,intheirrear-facinginlet,noparticleswithdp>650nmweretransmitted.

15STP:StandardTemperature(273.15K)andPressure(1013.15hPa)
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However,theycalculatedusingaslowerTAS(≈180m/s),andtheirsamplingstream

velocitywaslarger(≈10l/min).Itremainsunclearhowtheratiobetweenairspeed

andsamplingstreamvelocityinfluencesthederivation.

Overall,theestimationsshowthattheCPCsetupshouldmainlydetectparticles

inthesub-micronrange. Thiscoversthemostrelevantsizerangeforthepresent

purposebothforprimaryaswellassecondaryaerosol.Primaryaerosolemissionsare

mostlyinthediameterrangeof0.1<dp<1µm.Althoughreleasedemissionsdepend

ondeployedexhaustcleaningmeasures,McElroyetal.[1982,theirFigure5]finda

dominantmodeincoalpowerplantparticleemissionsataround100nm,whichis

dominantinnumberoverlargerparticlesinthemicrometerrange(nearlyafactorof

1000between0.1µmand1µmindiameter).Freshlynucleatedparticles,e.g.from

SO2,havediametersofonlyafewnm.Bycondensationandself-coagulation,they

growtosizesofabout60nm[Raesetal.,2000].Thengrowthslowsdown,because

collisionrates(concentrations)intheirsurroundingsdecrease. Underbackground

troposphericconditions,aerosolformedinitiallybynucleationrequiresdaystoweeks

togrowlargerthanabout0.1µmsolelybycondensationandcoagulation[Raesetal.,

2000].

TotalparticlenumberconcentrationsarenormalizedtoSTPconditions.Butsince

thecut-offsdependonpressure,thedominatingparticlediametercontributingto

absolutenumbersmightfalloutoftherangeofparticlesmeasuredwhenchanging

altitude.Therefore,particlenumbersshouldonlybecomparedatthesamealtitudes,

notduringascentordescent.

3.1.3.3Radiosonde Measurements

Radiosondesaresuitedtoobtainingverticalprofilesofmeteorologicalparameters

suchastemperature,pressure,humidity,windstrengthanddirection.Radiosondes

travelalongwiththepredominantwind;therefore,theircoursecannotbecontrolled.

TheirpositionistrackedviaGlobalPositioningSystem(GPS).

DuringthecampaignperiodsinSwedenandNewZealand,respectively,radiosondes

werelaunchedon-siteaccompanyingtheresearchflights.DuringGW-LCycleIthe
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modelDFM-0916(GRAW)wasdeployedwithatemperatureaccuracyof<0.2°C,a

pressureaccuracyof<0.3hPaandahorizontalpositionaccuracyof<5m).During

DEEPWAVE,themodelRS92-SGP17(Vaisala)wereused.Ithasaloweraccuracy

comparedtotheGRAWmodel,namelyatemperatureaccuracyof0.5°C,apressure

accuracyof1.0hPaandahorizontalpositionaccuracyof10m.Forpost-analysisof

meteorologicalconditionsinemissionregionsdatawasprovidedbyacomprehensive

uppersoundingsarchiveatUniversityof Wyoming,DepartmentofAtmospheric

Science18.

Forthepresentstudy,temperatureandpotentialtemperatureprofilesareusedto

characterizetheatmosphericlayering.ThepotentialtemperatureΘofanairparcel

isdefinedwithtemperatureTandatpressurepasthetemperaturethattheparcel

wouldacquireifadiabaticallybroughttoastandardreferencepressurep0:

Θ=T
p0
p

Rn/cp
(3.19)

Rndenotesthegasconstant,cpisthespecificheatcapacityataconstantpressure;

forair,itholdsR/cp=0.286. Potentialtemperatureisnotaffectedbyphysical

liftingorsinkingoftheairparcel,asassociatedwithflowoverobstaclesorlarge-

scaleatmosphericdynamics. Thepotentialtemperaturewillnotchangefordry

adiabaticprocesses–aslongasnoheating,cooling,evaporationorcondensation

occurs.Sinceairparcelswiththesamepotentialtemperaturecanbeexchanged

withoutworkorheatingbeingrequired,layersofconstantpotentialtemperature

arenaturalflowpathways.

16http://www.graw.de/home/products2/radiosondes0/radiosondedfm-090/
17http://www.vaisala.com/en/products/soundingsystemsandradiosondes/radiosondes
18http://weather.uwyo.edu/upperair/sounding.html
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3.2TheHYbridSingle–ParticleLagrangianIntegrated

Trajectory Model(HYSPLIT)

Forpre-andpost-campaigninvestigationoftransportprocesses,theHYbridSingle–

ParticleLagrangianIntegratedTrajectory(HYSPLIT)19dispersionandtrajectory

modelwasdeployed[DraxlerandRolph,2015,Steinetal.,2015].Ithasevolved

overmorethan30yearswithintheatmosphericcommunityandiswidelydeployed

tocomputeatmospherictracertransport,trajectorycalculationsordetaileddistri-

butionanddepositionofvolcanicemissionsorradioactiveplumes(see[Steinetal.,

2015]andreferencestherein).

ThemodelwasusedtoevaluatetherelativeinfluenceofdifferentSO2sourceregions

andtypestoatmosphericpollutionlevelsovertheobservationregionsduringthe

observationperiod.Anin-houseadaptedremoteclientofthefreelyavailablePCver-

sionofHYSPLITwasdeployed.Theclients’userinterface(Versions:1.19.0fordis-

persionand1.19.4forDEEPWAVEtrajectoryand1.22.0forGW-LCycleItrajectory

calculations,respectively)wasconvenientlydevelopedbyR.Baumann20forthose

inthefollowingpresentedcasestudies.ThelayoutisillustratedinFigure3.18.

HYSPLITisdrivenbyarchivedmeteorologicalfieldsobtainedfromtheGlobalData

AssimilationSystem(GDAS)(1°x1°horizontalresolution,23verticallevelsbetween

1000and20hPawith50hPaverticalresolutionbetween900and50hPa). GDAS

dataisprovidedforHYSPLITbyNationalCentersforEnvironmentalPrediction

(NCEP)21)fourtimesaday(00,06,12,18UTC)plusadditionalcorresponding

3h-forecasts(03,09,15,21UTC).

19"ThemodelcalculationmethodisahybridbetweentheLagrangianapproach,usingamov-
ingframeofreferencefortheadvectionanddiffusioncalculationsasthetrajectoriesorair
parcelsmovefromtheirinitiallocation,andtheEulerianmethodology,whichusesafixed
three-dimensionalgridasaframeofreferencetocomputepollutantairconcentrations(the
modelname,nolongermeantasanacronym,originallyreflectedthishybridcomputational
approach)."[Steinetal.,2015].

20InstitutfürPhysikderAtmosphäre,DLR,Oberpfaffenhofen
21http://ready.arl.noaa.gov/gdas1.php
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Figure3.18:HYSPLITClientInterfacesforDispersion(left)andTrajectory(right
side)mode.

3.2.1 HYSPLITDispersion Model

TheHYSPLITdiffusionmodelwasusedtodevelopacomprehensivepictureofthe

maincontributingemissionregionstotheplumesdetected. Majorsourcedomains

weredistinguishedgeographically,andthemodelwasrunseparatelyforthesedo-

mainstoinvestigatetheirrelativeinfluenceontheobservedenhancedtracegas

mixingratios.

Sourcesincludedemittedconstantlyevery20minutesandemissionsweredistributed

bythemeteorologicalwindfieldprovidedbyGDAS.Emissionsweredeletedafter

12daystopreventasaturationofSO2(comparedtosourcestrengths)anddueto

computercapacitylimitations. Becausemodelemissionswerekeptconstantand

becauseHYSPLITdispersionmodelingdoesnotincludechemicalprocessing,these

calculationscannotaimforaconfidentestimationofSO2mixingratiosattheob-

servationarea. Thus,SO2mixingratiosasmodeledinthisstudyratherprovide

apollutionprobabilitythanaforecastofactualSO2mixingratios. However,this

isavaluableinformationcomplementingthetrajectoryanalysiswhichprovidesthe
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pathwaysoftheairparcelsbutnoinformationabouttheirchemicalcomposition.

The‘EDGAR’emissioninventorywasusedforanalysisofthemeasurementcam-

paigninthenorthernhemisphere,GW-LCycleI.Forthesubsequentfieldmission

inthesouthernhemisphere,DEEPWAVE,theemissioninventorywasswitchedto

‘MACCity’,becauseitprovidesamonthlyemissiondatasetwithahigherhorizontal

resolution.DataisprovidedbytheGlobalEmissionInitiAtive22/AtmosphericCom-

positionChangetheEuropeanNeTwork23)(GEIA/ACCENT)databaseforEmis-

sionsofatmosphericCompounds&CompilationofAncillaryData24)(ECCAD).

3.2.1.1EmissionInventoryEDGAR

Figure3.19:EDGARlogo

Forthecasestudyinthenorthernhemisphere

(section4.2)theEmissionDatabaseforGlobalAt-

mosphericResearch(EDGAR)25wasdeployed,see

Figure3.19.Theinventory(version:4.2)provides

yearlyanthropogenicandbiomassburningemis-

sionswith1°x1°resolution[EuropeanCommis-

sion,JointResearchCentre(JRC)/NetherlandsEnvironmentalAssessmentAgency

(PBL),2011].

TheGW-LCycleIcampaignwasbasedinSweden. FortheScandinavianUTLS,

Europeansourceshavetobetakenintoaccountbecauseoftheirrelativelyshort

distancefromthemeasurementarea.Additionally,section2.3.3showedthat,inthe

NorthernHemisphere,therearetwomajorregionsfor WCBactivitylocatedoffthe

North-AmericaneastcoastandofftheEast-Asianeastcoast.Ithastobeconsidered

thatSO2emittedintheseregionsmaybeupliftedandtransportedtoScandinavia

athighaltitudes.

Therefore,threeemissionregionswereimplementedtodrivetheHYSPLITdisper-

sionmodel:Europe(Eu:35–80°N,25°W–40°E),EastAsia(EA:25–80°N,90°E–

22http://geiacenter.org/
23http://www.accent-network.org/
24http://eccad.sedoo.fr
25http://edgar.jrc.ec.europa.eu/
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Figure3.20:HYSPLITSO2maximumvolumemixingratioforsourceregionsin
North-EastAmerica(NEA),EastAsia(EA)andEurope(Eu)basedontheEDGAR
database.

150°E)andNorth-EastAmerica(NEA:25–80°N,100°W–50°W(seeFigure3.20).

KolaPeninsula,aregionwithhighoreprocessingactivityclosetothemeasurement

region,isincludedintheEuropeanpart(sharing≈2%ofemissions).Allthreere-

gionstogetherrepresentabout52%ofglobalemissions(withEAcontributing≈33%

alone).

3.2.1.2EmissionInventory MACCity

Forthecasestudyinthesouthernhemisphere(section4.1),the‘MACCity’inven-

torywasusedforanthropogenicandbiogenicemissionsonamonthlybasiswitha

horizontalresolutionof0.5°x0.5°[Lamarqueetal.,2010].

The‘MACCity’datasetwasdevelopedintheMonitoringAtmosphericComposition
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andClimate26)(MACC)andmegaCITY-ZoomfortheEnvironment27)(CityZEN)

projects,seeFigure3.21.Itservesasanextensionofthehistoricalemissionsde-

velopedintheAtmosphericChemistryandClimateModelIntercomparisonProject

(ACCMIP)fortheIPCCAR5assessment[Granieretal.,2011,Hollingsworthetal.,

2008].

Figure3.21:MACCitylogos

Figure3.22showstheSO2sourcesasob-

tainedfromthe MACCitydatabase. Three

geographicalsourceregions,South Africa

(SAF:20°W52°E,36°S15°N),SouthAme-

rica(SAM:82°W34°W,57°S13°N)and

South-Eastern(SE:70°E180°E,50°S15°N),

weredistinguished. As mostlysouthern

hemispheresourcesareexpectedtocon-

tributetoSO2levelsoverNewZealand,a

boundaryat15°Nservedtolimitutilized

computercapacity.

Emissionsforeveryregionwerethenseparatedintoanthropogenicandbiomass

burningsources. However,averagedbiomassburningemissionsarelowcompared

toanthropogenicemissions(SAM:7vs.95kg/s,SAF:39vs.177kg/s,SE:6vs.

240kg/s)–onlySouthAfricabiomassburningcontributesabout1/5ofemissions.In

additiontotheMACCityinventory,emissionsof28continuouslydegassingvolcanoes

wereincludedbasedonAndresandKasgnoc[1998](SHvol:192kg/s).Volcanoesin,

forinstance,Guatemala,Colombia,IndonesiaandPapuaNewGuineawereadded.

EspeciallythenearbylocationofthestronglydegassingWhiteIslandvolcanonorth

ofNewZealand(520MgSO2/day)hadtobeconsideredasarelevantSO2sourcefor

theobservationsmade.Thus,intotal,sevenmajorsourcedomainswereidentified.

26http://www.gmes-atmosphere.eu/
27http://cityzenproject.eu/
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Figure3.22:HYSPLITSO2maximumvolumemixingratioforsourceregionsin
SouthAmerica(SAM),SouthAfrica(SAF)andSouth-Eastern(SE)basedonthe
MACCitydatabase.ThedomainSHvolincludessouthernhemispherevolcanoes.

3.2.2 HYSPLITTrajectory Model

TheHYSPLITTrajectoryModelwasusedtocalculateensemblesofbackwardtrajec-

toriesfromtheobservationarea. Whereasdispersioncalculationoffersamorecom-

prehensiveviewofcontributingatmosphericinfluences,backwardtrajectoryanalysis

isusedtoidentifythepathwaysaswellasamoredetailedsourceanalysis.
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3.2.2.1 ModelOutput

Ashourlyparameteroutputoftheairparcelmovingalongthetrajectoryisavailable

theageoftheairparcel,itsposition(latitude,longitude),altitudeaboveground

levelaswellasabovemeansealevel,itsmeteorologicalparameterssuchaspressure,

potentialtemperatureΘandrelativehumidityaswellasPBLheightandterrain

elevationatthegeographicalpositionoftheairparcel.

Thissectionwillclarifytheconceptofaltitudeinthemodelincomparisonwiththe

airbornealtitudemeasurement.Italsointroducesthedefinitionofrelativehumidity.

TheparameterΘ,potentialtemperature,wasalreadydescribedinsection3.1.3.3.

Whereasthemeteorologicaldatainputremainsonitsnativehorizontalcoordinate

system,HYSPLITworksinternallywithaterrain–followingverticalcoordinatesys-

tem.Allmeteorologicalquantitiesareinterpolatedtolevelswithconstant̂σ,which

worksasanindependentscalevariable:

σ̂:=
ztop−zmsl
ztop−zgl

≥1 (3.20)

withztopbeingthemaximumaltitudeofthemodel(25km),zmsl themodelrefer-

enceheight(here: MetersaboveSeaLevel(MSL))andzglbeingthegroundlevel

abovethereferenceheight.Thisapproachallowsforabetterterrainrepresentation

inthemodel,butstill,elevationresolutionislimitedbyresolutionofthemeteoro-

logicalinputdata.Thisisprimarilyimportantforcalculationsofsmall-scaleplume

dispersion,notsomuchfortrajectorycalculationsofairparcelsthatareliftedin

meso-scalesystemsandtransportedathigheraltitudes.

Forcomparisonwithflightaltitudeandposition,theaircrafthasaGPSinstrument

onboardusingthereferenceellipsoiddefinedinthe WorldGeodeticSystem1984/

EarthGravitationalModel1996(WGS84/EGM96).DataisprovidedinMSLwith

aresolutionof1Hz.TheGPSerrorisnegligiblecomparedtotheverticalmodelres-

olution.TheHYSPLITtrajectoryclientworksdirectlywithaltitudeinputinMSL.

ThedifferencebetweenairborneGPSaltitudeandairbornepressurealtitude(calcu-

latedfromairbornepressuremeasurementsandsubsequentcalculationofaltitude
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usingthestandardatmosphere)canadduptomorethan500m.Unlessotherwise

notedinthetextorfigures,altitudeaboveMSLisused.

Figure3.23showsaltitudebetween900and50hPacalculatedfortheinternational

standardatmosphere28soastoillustratetheverticalresolutionforaircraftaltitudes.

Verticalresolutionchangeswithaltitude:for4.2kmtheverticaldistancebetween

datapointsisabout600m,foranaltitudeof10.4km,thedistanceisabout1200m.

Figure3.23:Upperpanel(blue): Altitudebetween900and200hPacalculated
fortheinternationalstandardatmospherewhichholdsforthetroposphereupto
11.000m.Lowerpanel(green):Distancebetweenadjacentaltitudedatapoints(m).

Relativehumidity(RH)ofanair-watermixtureisdefinedastheratioofthepartial

pressureofwatervaporpH2Ocomparedtotheequilibriumvaporpressureofwater

p∗H2OforanairparcelwithtemperatureTandpressurep:

RH(T,p)=
pH2O
p∗H2O

·100% (3.21)

Risingairparcelscool.Thisimpliesanincreaseinrelativehumiditybecauseofa

constantwatervaporpartialpressure. Forvaluescloseto100%,thepolarwater

28altitudeh= 288.15K
0.0065K/m 1−(

p(h)
1013.25hPa)

1/5.255
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moleculesbegintoaccumulate,whichleadstocloudformationandlikelytoprecip-

itation.Thisisusedinthestudytodeterminewhetherwashouthasinfluencedthe

chemicalcompositionoftheobservedairparcels.

Thenextsectionwillgivemoreinsightsintotheanalysisstrategyfortrajectory

calculations.

3.2.2.2TrajectoryEnsembles

Asystematicapproachisneededtobeabletocomparethetrajectoriesinitialized

forthedifferentplumeevents.Thissectionintroducestheinitializationofbackward

trajectoriesanddefinesthecriteriaappliedtothetrajectoriesinordertoinvestigate

SO2pollutedairparcelsliftedina WCB.Furthermore,limitationsofthemodelare

discussed.

Asageneralfirstapproach,initializingpositionsandstartingtimesweredetermined

asfollows:DuringanidentifiedeventwithelevatedSO2levels,thehighestSO2peak

wasusedasindicationoftheplumecenter.Itsobservationtimewasthenroundedto

thenextfull5minutestoserveasthetrajectoryinitializationtime.Thisapproach

pointsoutthataninitializationtotheminuteisneithernecessarynorappropriate,

sincemeteorologicalfieldsinHYSPLITareonlyupdatedevery3hours.Starting

locationswereevenlydistributedinandaroundthemeasurementregions.Latitude,

longitudeandaltitudewereroundedsuchthattheyalwaysenclosedtheobservation

region.Latitudeandlongitudedataoftheeventsobservedwereroundedtotheir

firstdecimalplace,altitudewasroundedtothenext100m. Thiswasdoneto

accountforpotentialsmallspatialdeviationsofcalculatedplumelocationsinthe

model.

TwoassumptionsguidethetrajectoryselectionconcerningWCBupliftofSO2:first,

sincestrongSO2sourcesaremainlylocatedatgroundlevel,theprobabilityofpol-

lutionincreaseswhenairparcelstravelatlowaltitudesovertheground.However,

theuptakeofemissionsisnotonlyabout(absolute)altitude,butdependsmostly

ontheverticalmixinginthePBL.TogetherwithtrajectoryheightHYSPLITalso

offersPBLheight,whichmakesitpossibletocomparebothforeverytimestep.This
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approachhaslimitations,becausetheseheightswouldinrealitybemuchmorevari-

ablethaninamodelresolution.Radiosondelauncheswereusedtoverifythemodel

outputandtoinvestigatetheatmosphericlayeringbeforeupliftofthetrajectories.

Secondly,presenceofa WCBimpliesliftingofairparcelstouppertropospherical-

titudes.Therefore,thetrajectoriesweretestediftheyfulfilledapressuredifference

criterion(seealsosection2.3.3),i.e.iftheyovercameadifferenceof500hPaor

morein48hours.

Summarizing,atrajectoryjwastestedaccordingtotwocriteriaforanyoutputtime

tiathorizontalpositionpiwithaltitudehi:

I.PBL hi(j,ti,pi)<hi(PBL,ti,pi)

II.WCB ∆p(j,∆tij≤48,pij)≥500

3.2.2.3 DiscussionofUncertainties

Fortheusageoftrajectoryanalysisassourceappointmentofpollutionplumes,the

followingerrorshavetobeconsidered(seealsoStohl[1998]):

•Interpolationerrorsduetoinadequaterepresentationoftheatmosphericflows

•Integrationerrorsduetocomputationallimitations

•Initialerrorsduetoinadequateselectionofstartingpoints

•Missingeventsduetoalimitedmodelresolution

Themodelrepresentstheatmosphericflowfield,i.e.acontinuousfunction,only

withgriddeddatapointsoflimitedresolutioninspaceandtime.Inordertoevaluate

thiserrorcomponent,acomparisonwithindependentdataisnecessary.Variantsof

windfields(e.g.usingdifferentsetsofGDASorECMWFreanalysisdata)canbe

deployedinordertocomparetheresults[Suetal.,2015].Resolutionisaparticular

problemindifficultterritory,e.g. mountains,whereatmosphericflowsarehighly

variableandoftenchangetheirdirection.However,sincethisstudymainlyinvesti-

gatedmeso-andlarge-scalemeteorologicalphenomena,suchasfrontalsystems,the
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atmosphericflowsshouldbecapturedwellbythemodel.Toadditionallybackthe

calculationswithindependentdata,ECMWFmeteorologicaldata,satelliteimagery

andradiosondedatawereusedinordertopresentacomprehensiveunderstanding

ofthemeteorologicalsituations.

Themodel’sintegrationmethodimpactse.g.truncation. Theintegrationerror

canbeestimatedbycomparingabackwardtrajectorystartingpointwithaforward

trajectoryendpointorviceversa,andcanbeassumedtobehalfthedistanceoffinal

end-andstartingpoint,respectively(afterFAQHYSPLIT,RolandDraxler,200829).

TheAbsoluteHorizontalTransportDeviation(AHTD)betweentrajectories(inkm)

iscalculatedfollowingStohl[1998]:

AHTD(t)=
1

Nt

Nt

n=1

[Xn(t)−xn(t)]2+[Yn(t)−yn(t)]2 (3.22)

withNtbeingthenumberoftrajectories,XandYbeingthenthtesttrajectory

location,xandybeingthenthreferencetrajectorylocationatatimet30.Therela-

tivedistanceRHTDiscalculatedhereasAHTDdividedbytheaveragestraight-line

lengthofthereferencetrajectories. Notethatno‘true’trajectoriesareknown,so

theselectionoftestandreferencetrajectoryisarbitrary.Theanalysisoftheinte-

grationerrorwasconductedexemplarilyusingthesix WCBbackwardtrajectories

identifiedinsection4.1.3.1:theendpointpositions(time,latitude,longitude)of

thetrajectoriesfromclosetoChristchurchinthedirectionofPretoriawereused

toinitializesixforwardtrajectorieswiththesamedurationfromclosetoPretoria

inthedirectionofChristchurch.AHTDcorrespondstoonly6km(RHTD:0.05%).

Thus,theintegrationerrorisnegligiblecomparedtothemodel’sresolution:itsgrid

sizecorrespondsto≈100kmnearPretoria.

Trajectoryensemblesdeployasuiteoftrajectoriesclosetotheinitialstartingpoint.

Althoughthisapproachcannotproducemoreaccuratetrajectories,thedivergence

ofthesetrajectoriesgivesareliableestimationofthesensitivityoftheanalysistothe

initialparametersetregardingthehorizontal,verticalandtemporaldimensions.

29http://www.arl.noaa.gov/faq_hg11.php,lastedit:23September2008,lastvisit:03March2017
30DistancesbetweenpositionswereobtainedusinganonlinescriptdevelopedbyChrisVenessand
availableathttp://www.movable-type.co.uk/scripts/latlong.html,lastvisit:03March2017
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Wheninvestigatingemissionscenarioswithtrajectoryanalysis,ithastobeensured

thatallprocessesarecapturedthatmayentrainthetracegasintotheairparcels

probed.Extensiveinvestigationsweremadeinordertoexcludeinfluenceofintense

small-scale(lifting)phenomenathatcannotberesolvedbythemodel.Inthecaseof

SO2,thesearebiomassburningwithassociatedpyroconvection,volcanicactivitiesas

wellasstrongupdraftsinconvectioncellsorthunderstormsclosetostrongemission

sources.

3.3Summary

ThischapterintroducedthemainmethodsneededtomeasureSO2mixingratiosand

toevaluateSO2long-rangetransportintheuppertroposphere.Itwasshownthat

airborneCI-ITMSmeasurementsarewellsuitedtodetectingin-situatmospheric

SO2enhancementsofupto1ppbv.AirbornemethodstomeasureCNparticlesas

wellasO3,COandCO2wereintroducedaswell.TheHYSPLITmodelindispersion

aswellastrajectorymodewasdeployedinordertodeterminethesourceregions

oftheobservedSO2plumes. Thesemethodswereappliedinthetwocasestudies

concerningtracegaslong-rangetransportpresentedinthenextchapter.
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4Long-RangeTransportStudiesofSulfurDioxide

Thischaptercontributestoscientificresearchwithadetaileddescriptionoftwo

long-rangetransporteventsofsulfurdioxideaswellasothertracespeciesforthe

southern(section4.1)andnorthernhemisphere(section4.2).Theobservationswere

analyzedwithintheframeworkoftwoairbornemeasurementcampaignsusingthe

methodsdescribedinChapter3above.

First,themeasurementcampaignsareintroducedingeneralandtheobservationsof

elevatedsulfurdioxidelevelsintheuppertropospherearepresented.Theywillbe

linkedtotheirsourceregionsusingtheHYSPLITmodel.Themeteorologicalcondi-

tionsduringupliftandtransportoftheplumeswillbeinvestigated.Complementary

methodsareusedinordertogiveacomprehensiveoverviewofthesituation.Po-

tentiallimitationsoftheinvestigationswillbethoroughlydiscussed. Finally,the

resultswillbeputintotheirrelevantcontextconcerningtheimpactofthepathways

discoveredonchemicalcompositionoftheuppertroposphere.

4.1TransportofSouth-AfricanEmissionstoNewZealand

Thefirstcasestudydealswithlong-rangetransportofSO2emissionsinthesouthern

hemispherefromSouthAfricatoNewZealand[Reiteretal.,2017].Enhancements

oftracegasesandparticleswereobservedduringtheairborneDEEPWAVEmission

takingplaceinNewZealandinaustralwinter2014.
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4.1.1AirborneIn-situ MeasurementsoverNewZealand

ThissectionpresentsageneralintroductiontotheDEEPWAVEcampaign. An

overviewoftheflightsandSO2measurementsobtainedisshownsoastoexplain

whythefollowinganalysisfocusesononeflightday.Thecasestudy’smeteorological

situationaswellasadetaileddescriptionofflightlegswithenhancedSO2levelsis

given.

4.1.1.1 DEEPWAVE MissionOverview

TheobservationswereobtainedinNewZealandduringaustralwinter.TheDLRre-

searchaircraftFalcon20wasbasedinChristchurch(43.53°S/172.63°E)for3½weeks

between28Juneand21July2014. TheDEEPWAVEprojectisaninternational

collaboration.ThediversityofparticipantsfromtheUSA,Germany,Australiaand

NewZealandisshowninFigure4.1.

Figure4.1:DEEPWAVElogo(right)andprojectpartners:NationalScienceFoun-
dation(NSF),NationalCenterforAtmosphericResearch(NCAR),EarthObser-
vingLaboratory(EOL),GATS,NavalResearchLaboratory(NRL),DLR,Johannes-
Gutenberg-UniversityofMainz(JG|U),theNewZealandMetService,NationalIn-
stituteof WaterandAtmosphericResearch(NIWA)andtheAustralianAntarctic
Division(AAD).

Todevelopacomprehensiveunderstanding,severalmeasurementandmodelingplat-

formsweredeployedtogether. ManyflightsoftheDLRFalconwerecoordinated

withtheNSF/NCARGulfstreamVresearchaircraft. Radiosondeswerelaunched
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4.1TransportofSouth-AfricanEmissionstoNewZealand

fromseveralsitesup-anddownstreamoftheNewZealandSouthernAlps. The

DEEPWAVEEOLfieldcatalog1providedsupportregardingthemeteorologicalsit-

uationduringthefieldproject.Furtherinformationonthemissiontargetsconcern-

inggravitywaves,thevarietyofoperatedinstruments,flightsperformedaswellas

forecastingtechniquescanbefoundinFrittsetal.[2015].

4.1.1.2In-SituObservationsOverview

Figure4.2:OverviewoftheDEEPWAVEmission:a)13localflightroutesstarting
fromChristchurch(circle)andb)SO2verticalprofiles. Thecolor-codeindicates
differentflightobjectives:SelectedflightsforWCBstudies(red),WhiteIslandFlight
(blue),Otherflights(green).

Overall,theDLRFalconperformed13localflightsinabout3weeksduringthe

DEEPWAVEcampaign. FlightpatternsareshowninFigure4.2a.Inorderto

study(mountain-induced)gravitywavesflightlegswereprimarilydesignedtocross

theNewZealandSouthernAlpsatdifferentaltitudelevelsaroundthetropopause.

Thismadetheflightsverysuitablefortheinvestigationofdynamicalandchemical

1http://catalog.eol.ucar.edu/deepwave
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processesintheUTLSregion.OneflighttotheNorthIslandwasdesignedtostudy

emissionsfromthe WhiteIslandvolcano,whichisoneofthemostheavilySO2

degassingvolcanoesintheworld[AndresandKasgnoc,1998].

Figure4.2bshowsSO2verticalprofilesforallflights.Thefirstflighton04July2014

featuredenhancementsduringdescentoverChristchurch.Duringthe WhiteIsland

volcanicplumeprobingSO2levelsincreasedto≈20ppbv(!) atlowaltitudes

(≥3km).Theonlyenhancementsathigheraltitudes(9–11km)wereobserveddur-

ingtwoflightson11July2014. SO2concentrationseasilyreachedafewhun-

dredpptv.SO2moleculesprominentincoldregions,thusespeciallyintheUTLS

region,exertalargerclimateimpactduetofavoredsulfateaerosolformation(see

section2.4.2).Therefore,theseflightswereselectedforfurtheranalysis.

4.1.1.3 MeteorologicalSituationduringObservations

Thissectionintroducestheoverall meteorologicalsituationoftheflightday.

Figure4.3ashowsasurfacefrontanalysisonthemeasurementdayat06UTC2.A

lowoffthesoutheasterncoastofAustraliawasmovingtowardsNewZealandwith

nearlyoccludedfrontsat06UTC. Withadominantlowinthewestandastrong

highintheeast,aquasi-stationaryfrontwasformingovertheislands. Westof

NewZealand,thefrontalmovementsresultedinadeeptropopausefoldwhichwas

movingtowardstheislandsandcrosseditthenextday(notshown).

Themostinterestingpartsofbothcasestudyflightswereobservedatbetween

06.00and10.30UTCbetween9and11kmaltitude(seeprevioussection4.1.1.2).A

comparisonwithradiosondeprofilesindicatesthattheseobservationswerecarried

outintheuppertroposphereoverSouthIsland. Temperaturemeasurementsof

radiosondesdeployedfromLauder(SouthIsland)areshowninFigure4.3b. The

minimumtemperaturefor≈06.00UTCislocatedat11.5kmanddecreaseswith

timeinaltitudeaswellasinsharpnessto≈11kmat≈11.30UTC.

Gisingeretal.[2016]provideadetailedanalysisofthemeteorologicalconditions

overtheDEEPWAVEcampaignperiodandputtheairbornemeasurementsinto

2NewZealandStandardTime=UTC+12hours
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4.1TransportofSouth-AfricanEmissionstoNewZealand

Figure4.3:Meteorologicalsituationon11July2014overNewZealand:a)Surface
frontanalysisforthemeasurementdayat06UTC(Source: MeteorologicalService
NewZealand).Thebluecircleindicatesthelow-pressuresystemoffthesoutheast-
erncoastofAustraliamovingtowardsNewZealand. b)Temperaturedatafrom
radiosondeslaunchedfromLauder,NewZealand.Thebluehorizontallineindicates
thethermaltropopauseat11.5kmaltitudefortheradiosondelaunchat06UTC.

theirclimatologicalcontext.Accordingtothe40–yearclimatologyofNewZealand

conductedbyKidson[2000],threedifferentdailyweathertypescanbeclusteredas

follows:1)frequenttroughscrossingthecountry(≈39%),2)highstothenorthwith

strongzonalflowtothesouth(≈25%),and3)blockingpatternwithhighsmore

prominentinthesouth(≈37%). Aswithmostoftheairbornemissionsduring

DEEPWAVE,theobservationsdiscussedherewerecarriedoutduringatypical

troughnorthwestregime[Gisingeretal.,2016,Kidson,2000].

AccordingtoGisingeretal.[2016]thethermaltropopauseheightvariedbetween8

and13kmaltitudeduringJJA2014overNewZealand.Aremarkablefeatureofthe

UTLSregionwasaprominentTropopauseInversionLayer(TIL),whichisassoci-

atedwithapronouncedmaximuminstaticstability3directlyabovethetropopause,

3StaticstabilityisdescribedintermsoftheBrunt-VäisäläfrequencyN:

N2=g
∂lnΘ

∂h
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therebylikelyinfluencingdistributionandtransportoftracersinthetropopausere-

gion[Birneretal.,2006,Gettelmanetal.,2011,Griseetal.,2010].TheTILvaried

considerablyinstrengthanddepthinJJA2014;however,thedaysaround11July

wereassociatedwithstablecharacteristics[Gisingeretal.,2016,theirFigure4].

4.1.1.4 Observations

ThissectiondiscussestheobservedenhancementsforSO2andothertracespecies

indetail:Figure4.4showsthemeasurementtimeseriesforbothselectedflights.

Take-offforthefirstflight(A)was05.10UTC,itsduration2hoursand29minutes.

Thesecondflight(B)startedat09.05UTCandhadadurationof2hoursand

35minutes.ThemixingratiotimeseriesfocusesonfiveSO2enhancementsabove

100pptvbetween9and11kmaltitude(seealsoFigure4.2).Intheanalysis,theyare

numberedfromP1forthefirstenhancementobservedat≈06.00UTCtoP5forthe

lastenhancementobservedat≈10.15UTC.Table4.1summarizesthecharacteristics

forSO2enhancementsP1–P5.

TheflightpatternsweredesignedtocrosstheNewZealandAlpsseveraltimesat

differentaltitudes(seealsoFigure4.7insection4.1.2.1).P1wasobservedat≈9km

altitudeduringaflightlegconductedfromnorthwesttosoutheastoverSouthIsland.

Concerningthelocationinlatitudeandlongitude,P1wasdetectedclosetoP3and

P4(≈170–171°E),butabout2kmbelowand30(P3)to60(P4)minutesearlier.

P2andP5weredetectedduringascentsbetween9and11kmaltitudeinthemost

easterlypart(≈173°E)oftheflightpattern.

Overall,SO2backgroundlevelswereabout20pptv,thusclosetotheinstrument’s

levelofdetection. AllenhancementsP1–P5hadanobservationdurationbetween

≥2and4minutes,underliningthespatialextensionofthetracegasplumes(hori-

zontally:≈50(P1),17(P2),26(P3),39(P4)and13km(P5)). Mostpronouncedin

termsofSO2levelswasP2,reaching390pptvSO2atmaximum(averagedover5ion

spectra;asingledatapointshowedupto715pptvSO2)and260pptvinaverage.

withgravitationalaccelerationg,heighthandpotentialtemperatureΘ.
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4.1TransportofSouth-AfricanEmissionstoNewZealand

Figure4.4:Timeseriesoftracespecies(SO2(orange),particles(green),CO(red),
O3(blue))forthetwoflightson11July2014,zoomedinon05.55–06.45UTCand
07.05–07.20UTC(firstflight)aswellas10.10–10.20UTC(secondflight). Dotted
linesindicatebackgroundlevelsoutsideP1–P5toguidethereader’seyes. Flight
altitudeiscolor-codedwithlongitude.

TheobservedCNenhancementscorrelateverywellwithenhancementsinSO2,

sotheywereeithercausedbyparticleformationduringtransportorwereco-

emittedfromthesamesource. Whereasbackgroundconcentrationsareabout

100particles/cm3,enhancementsreach200–600particles/cm3. Theputativeanti-

correlationatP2betweenSO2andparticlenumbersislikelyduetoachangein

cut-offdiametersoftheinstrumentwithchangingaltitudes(asexplainedinsec-

tion3.1.3.2),especiallyifsmall(thusfreshlynucleated)particlesareprominent.

Unfortunately,particledataarenotavailableforthesecondflight.

COreachesmixingratiosbetween55and70ppbv.Itshowsasimilarpatternto

SO2andparticleconcentrationsforenhancementsP1–P5. Datagapsresultfrom

periodsofin-flightcalibration.EnhancedCOindicatesthattheobservedairmasses

stemfromimperfectcombustion. WhereasCOconcentrationsdecreasetolevelsof

aboutorbelow60ppbvbetweenenhancementsP2,P3andP4,concentrationsstay

comparablyhighbetweenP1andP2aswellasbeforeobservationofP5.SO2levels
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UTC Latitude Longitude Altitude Avg. SO2 Max. SO2

[hh.mm:ss] [°S] [°E] [m] [pptv] [pptv]

P1
06.02:00 43.79 169.93

9125 130 240
06.05:30 43.98 170.49

P2
06.20:30 44.85 172.66 9550

260 390
06.25:00 44.77 172.84 10500

P3
06.40:00 44.08 170.77

10950 60 96
06.42:40 43.97 170.45

P4
07.08:49 43.95 170.38

10950 50 110
07.11:47 44.11 170.82

P5
10.14:17 44.72 172.63 9500

80 170
10.18:45 44.61 172.70 10800

Table4.1:LocationandcharacterizationofSO2plumesP1–P5.

decreasedconsiderablyduringthesemeasurementperiods.Itislikelythattheseair

parcelsstemmedfromthesameemittingsource,butunderwenteffectivescavenging

duringtheirtravel,whichmainlyaffectedSO2levels.Thisassumptionisbackedby

CNconcentrationsthatstayelevatedbetweenP1andP2aswellascomparedto

databetweenP2,P3andP4.

O3staysbelow60ppbvforP1–P5,therebyconfirmingthattheanalyzedplumes

P1–P5bear(upper)troposphericcharacteristics.

InordertoquantitativelyinvestigatethecorrelationsbetweenSO2,CNandCO

mixingratios,Figure4.5showsscatterplotsforpairsofSO2,CNandCO.P1,

P3andP4wereselectedbecauseoftheirconstantflightaltitudes(P1:9km,P3

andP4:11km)soastoensurecomparablemeasurementconditionsandtransport

conditions(e.g.relatingtowashout). Allcombinationsoftracespeciesshowa

positivecorrelation.Inthisway,slopesforCNversusSO2donotdependonaltitude

withinuncertainties.SlopesforP3andP4forcorrelationsofCNandCOaswell

asforSO2andCOagreeaswell.Thiscouldbeexpected,sincebothenhancements

wereobservedatthesamelocationandonly30minutesapart. However,P1(at

9kmaltitude)showsastrongerincreaseinCNandSO2versusCOcomparedtoP3
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andP4(at11kmaltitude). Ontheassumptionsthattheplumeswereproduced

byasinglesourcewithconstantemissionsandthatCOactsasinerttracerover

oneweekoftransportation[Jaffeetal.,1997],thisindicatesthatbothSO2andCN

liftedtohigheraltitudeseitherexperiencedmorelossprocessesorelseairparcels

atP3/P4couldnottakeupSO2andCNemissionsaseffectivelyasairparcelsat

P1.

Figure4.5:ScatterplotsforP1(blue),P3(purple)andP4(pink)fora)CN
andSO2,b)CNandCOandc)SO2andCOmixingratioswithlinearfits. P1
wasobservedat≈9kmaltitude,P3andP4at≈11kmaltitude.Slopesarea)P1:
0.6±0.24,P3:0.7±0.37,P4:0.2±0.20;b)P1:60±12,P3:10±5.1,P4:8±4.8;c)
P1:40±15,P3:10±5.1,P4:8±4.8.

AsalreadydiscussedinChapter2,SO2sourcesaremainlylocatedatgroundlevel.

Thenextsectioninvestigateswheretheseenhancementsintheuppertroposphere

stemfrom.

4.1.2IdentificationofSourceRegion

ThefollowingsectioninvestigatestheoriginofpollutionobservedintheUTLS

overNewZealandwiththeHYSPLITmodel.Bothdispersionaswellastrajectory

analysisareused.
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4.1.2.1 HYSPLITDispersionAnalysis

AlthoughintotalsevenSO2sourceregionswereanalyzedwithHYSPLITdispersion

calculations,onlythreesourcedomainscontributedsignificantlytoSO2levelsover

NewZealandinthiscasestudy:anthropogenicemissionsfromSouthernAfrica,

theSouth-Easternregionaswellasvolcanicemissions. Biomassburningaswell

asSouthAmericanemissionsshowednosignofinfluenceontroposphericchemical

compositionaboveNewZealand.Figure4.6showsmodelcalculationsat06UTC

(correspondingtodetectionofP1)onthemeasurementday.4hourslater(10UTC,

correspondingtodetectionofP5)later,thesituationwasstillverysimilar(not

shown).

AnthropogenicemissionsfromtheSouth-Easternregion,inparticularNewZealand

andAustralia,areshowninFigure4.6a.Astrongmaximumwaslocatedleftofthe

islandswithmaximum(modeled)SO2concentrationsof150pptvoverSouthIsland.

However,atflightlevels,theseemissionswerenottobeexpected(becauseflight

routesdidnotextendover43°S/168°Etothewest).Notsurprisingly,relativelylow

(<100pptv)butevenlydistributedemissionsweremodeledataltitudesbelow5km,

likelyemitteddirectlyattheislands.

Figure4.6bshowsanthropogenicSouthAfricanemissions.Althoughthemainplume

hadalreadytraveledtothesouthofNewZealand,thenorthernedgeoftheplumewas

stillpresentintheobservationregionwithmaximum(modeled)SO2enhancements

of200–250pptv. Theemissionswerelocatedatbetween5and11kmaltitude,

indicatinganinfluenceofSouthAfricanemissionsontheobservations.

Inthiscase,southernhemispherevolcanicemissionsmainlytrackedtheactivitiesof

the WhiteIslandvolcanolocatednorthofNorthIsland(Figure4.6c).SO2mixing

ratiosclosetothevolcanowereexpectedlyhigh. Theyweretransportedtothe

south;however,theystayedbelow2kmaltitudeandthereforedidnotinfluencethe

observationsP1–P5.

SincetheSouthAfricanregiondominatedtheobservationsduringtheflightson

11July2014,theyareputdirectlyintocontextinmoredetailbelow:
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Figure4.6:HYSPLITdispersioncalculationofthemainthreecontributingSO2
sourceregionsfor11July201406UTC:a)AnthropogenicSouth-Easternemissions,
b)AnthropogenicSouthAfricanemissions,c)Southernhemispherevolcanicemis-
sions.TheleftpanelshowsmaximumSO2mixingratioatanyheight,color-coded
between0and>400pptvoverNewZealand.Therightpanelshowstheverticalcross
sectionbetween0and12kmaltitude(MSL)alongthebluelineindicatedintheleft
panel,withendpoints43°S/168°Eand45°S/174°E,correspondingtotheflightlegs
conductedacrossSouthIsland.
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Figure4.7:HYSPLITdispersioncalculationsofSouthAfricananthropogenicSO2
emissionsat06UTCon11July2014,color-codedbetween0and>240pptvwith
flightinformationforfirstflightAinpurpleandsecondflightBinblue. a)
HYSPLITmaximumSO2concentrationatanyheightwithflightroutesandflight
times;b)HYSPLITverticalcrosssectionalongaline(dashedina))between
43°S/168°Eand45°S/174°Ebetween8and11.5kmaltitudeaswellasflightal-
titudes.SquaresandcirclesindicatetherelativeenhancementsP1–P5inSO2mix-
ingratiosbetween20and>100pptv. Theblackarrowsindicateflightdirections.
Longitudeiscolor-codedasinFigure4.4.

Figure4.7ashowsHYSPLITreanalysisformaximumconcentrationofanthropogenic

SO2emissionsatanyheightfromSouthAfricafor11July201406UTCtogether

withtheflightrouteson11July2014. TheflightlegscrossedSouthIslandat

differentaltitudes(≈8,9and11km),coveringalongitudinaldistanceof≈325km.

HYSPLITdispersioncalculatedpollutionlevelsof≈200pptvatmaximum(atany

height).AlthoughtheinnermaximumoftheSO2plumehadalreadypassedtothe

south,theflightroutesenteredandcrossedtheplumeseveraltimesaccordingtothe

modelanalysis.

AverticalcrosssectionofmodeledHYSPLITSO2concentrationsfromSouthern

AfricaisshowninFigure4.7b.Between9and11kmaltitudeHYSPLITcalculates

anSO2mixingratioof60–150pptvoverthewholeflightdistance.P1,P3andP4

werelocatedoverSouthIsland.P3andP4wereobservedinthesameregionscrossed

twiceduringflightA:P3wasobservedduringalegfromeasttowestandP4during

thesubsequentlegfromwesttoeast. HYSPLITshowsforP3andP4thatthese
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enhancementsweredetectedattheouteredgeoftheplume;thiscorrespondstothe

actuallyobservedaverageSO2mixingratios,whicharelowestforP3andP4(60

and50pptv,respectively).P1showslargermixingratios(130pptvSO2)atnearly

thesamehorizontalpositionbutatalowerlevel. EnhancementsP2(flightA)

andP5(flightB)wereobservedatthesamelocationduringtheascenteastof

SouthIslandat06.20and10.20UTC,respectively. Thetimedifferenceofabout

4hourswasaccompaniedbyadifferenceinSO2mixingratiosof≈260pptv(P2)

and80pptv(P5),respectively. NoenhancementsatpositionsP1,P3orP4were

observedduringflightB.

ThesefiguresalsoillustratethelimitationsoftheHYSPLITdispersionanalysis:The

calculationssuccessfullylocatethemainregionofenhancedSO2;however,HYSPLIT

displaysonecoherentplume,comparedtoobservedsinglepeaksP1–P5withinthe

region. AlthoughtheHYSPLITmodeldeploysreanalyzedwindfields,themodel

islimitedtopermanentandconstantlyemittingsources,nordoesitaccountfor

chemicalprocessingduringtransport. Therefore,themodelrepresentationofthe

situationisexpectedtobelesscomplexthanreality.However,overallthedispersion

analysisstronglysuggestsSouthAfricaastheregionoftherelevantanthropogenic

SO2sources.

4.1.2.2 HYSPLITTrajectoryAnalysis

InordertoexploreSouthernAfricaasamaincontributingSO2sourceregiontothe

observedpollutionlevelsinmoredetail,anensembleofbackwardtrajectorieswas

initializedforeveryobservationregionP1–P5whereSO2levelswereelevated.The

procedureisdescribedinsection3.2.2.2;requiredparametersarelistedinTable4.2.

Itwasofmajorinterestwheretrajectorieshit(closeto)thePBL,becausethat

increasestheprobabilitythatairstreamsmaytakeup(SO2)emissionsfromthe

ground.

Figure4.8showsbackwardtrajectoryensemblesforenhancementsP1–P5.Despite

thelargenumberofstartingpointsandatotalcoverageof120x230km2oftheregion

whereenhancementswereobserved,alloftheresultingtrajectorieswereclearlywest

wind-drivenandaltogethershowaclearandstrongcorrelation. Around7days
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Figure4.8:169-hoursbackwardtrajectoryensemblesforP1–P5.Color-codeshows
altitudeinmetersaboveground.ThepurplecircleindicatesChristchurch.Initializ-
ingconditionsaregiveninTable4.2.
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UTC Nt Latitude/°S Longitude/°E Altitude/m

[hh.mm] step:∆0.1 step:∆0.1 step:∆100

P1 06.05 308 44.0 43.7 169.9 170.5 8500 9500

P2 06.20 252 44.9 44.7 172.6 172.9 9000 11000

P3 06.40 165 44.1 43.9 170.4 170.8 10500 11000

P4 07.10 231 44.1 43.9 170.3 170.9 10500 11500

P5 10.15 156 44.8 44.6 172.6 172.7 9000 11500

Table4.2:Initializingconditionsfor169-hoursbackwardtrajectoryensemblesfor
observationsP1–P5duringDEEPWAVE:Time,numberoftrajectoriesNt,position.

beforetheirdetectioninNewZealand,theyreachedclosetothegroundoverSouth

Africa.Calculationswerelimitedto169hours(7days)backintime,whichisalso

reasonableregardingtheaveragelifetimeofSO2inthefreetroposphereofafew

daystotwoweeks.

Figure4.9:169-hoursbackwardtrajectoryensemblesasinFigure4.8butwithWCB
andPBLcriteriaapplied.

AssignedtrajectoriesforP1, P2andP5descendverylowoverSouth Africa

(<1500m,≈30°S/30°E),stronglyindicatingtake-upofemissionsthere.Although

trajectoriesforP3andP4tookasimilarpathway,theydonotreachaslowtothe

groundastheothersdooverSouthAfrica,likelytakinguplessemissions. This

isalsoplausibleconsideringthemixingratiosobserved:TheaverageSO2mixing
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ratioswere130,260and80pptvforP1,P2andP5,respectively,comparedto60

and50pptvforP3andP4(seeTable4.1).

ApplicationofPBL4and WCBselection5resultin22trajectoriesforP1(7%)and

1trajectoryforP2(0.4%).ThesetrajectoriesareshowninFigure4.9.P3andP4

trajectoriesdonotreachlowenoughtofulfilltheseselectioncriteria,but33(20%)

and70(30%)trajectoriesovercomeapressuredifferenceof200hPain48hoursdur-

ingtheirjourney.ForP5,28trajectories(18%)fulfilledthestrong WCBcriterion,

butonlyonereacheddowntobelow1500m.

Figure 4.10: 504 150-hoursforwardtrajectoriesinitializedfrom Pretoria
(blackcircle)fora)atransportperiodbetween05July201400UTCand
11July201406UTC(P1)andb)atransportperiodbetween05July201406UTC
and11July201412UTC(P5)toChristchurch(purplecircle). Color-codeshows
altitudeAGL.Initializingconditions:Latitude:32°S–18°S,∆2°;Longitude:22°E–
34°E,∆2°;Altitude:1000–4000m(MSL),∆500m.

However,itisstillpossiblethatonlyasmallpartoftheemissionswasliftedfrom

SouthAfricaandtransportedtotheeast.Toinvestigatethispossibility,150-hour

forwardtrajectoriesfromtheregionaroundJohannesburg/Pretoriawerestartedand

theWCBcriteriagivenabovewereapplied.Theresulting54trajectories(11%from

504initialized)areshowninFigure4.10andconfirmtheresultsgivenabove:The

4h(trajectory,t)<h(PBL,t)foratimet,seesection3.2.2.2
5∆p>500hPain48hours,seesection3.2.2.2
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4.1TransportofSouth-AfricanEmissionstoNewZealand

WCBtrajectoriesarecoherentlywestwind-driven. TheyascendovertheIndian

Oceanwithinalow,descendoverAustraliaandareliftedagaintotheobservation

regionoverNewZealand.

4.1.3TransportHistoryofSO2Emissions

Sofar,thischapterhasdescribedthetracegasobservationsconductedinNew

ZealandandidentifiedSouthAfricaasbeingthecorrespondingSO2sourceregion

usingdispersionaswellastrajectoryanalysis.Thissectionwillgiveamorecom-

prehensiveinsightintotheupliftprocessandsubsequenttransportofpollutedair

parcels.Themeteorologicalsituationduringupliftwillbeillustrated,andthetra-

jectories’historywillbefurtherexplored.

4.1.3.1 MeteorologicalSituationduringUplift

ToevaluatenotonlyisolatedenhancementsP1–P5butthewholeregionwhere

enhancementsinSO2wereobserved,anensembleoftrajectorieswascalculatedin-

cludingallenhancementsP1–P5(1344trajectorieswithinitializingconditionsas

follows:Latitude:43.7°S–44.8°S,∆0.2°;Longitude:169.9°E–172.8°E,∆0.2°;Alti-

tude:9000–11500m,∆200m).Subsequently,PBLand WCBcriteriawereapplied.

Figure4.11showstheresultingsixtrajectories.Thepollutionplumewasliftedin

about2days,alreadycoveringhalfofthedistancetoAustralia.Thentheairparcels

traveledtoOceaniainabout4moredays,coveringatotaldistanceofmorethan

11.000kmin6days. Toincreaseclarity,onlythesesixtrajectorieswillbeused

below.

ForfurtherinvestigationoffrontalcyclogenesisnearSouthAfrica,ECMWFERAIn-

terimgeopotentialcharts(0.5°x0.5°horizontalresolution)areshowninFigure4.11

aswell[Deeetal.,2011]6. Theyshowgeopotentialatthe500hPalevelinorder

toidentifymid-troposphericcyclonesat≈5.5kmaltitude.The500hPageopoten-

tialfortheprimaryperiodofairmassuplifton06July201406UTCshowsthat

6http://apps.ecmwf.int/datasets/data/interim-full-daily/
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Figure4.11:Sixtrajectories,color-codedwithaltitude,areshownfortheenhance-
mentregionincludingP1–P5fulfillingbothPBLandWCBcriteriaat06UTC.Black
dotsindicatethepositionforonetrajectoryat00UTCforthesuccessivedaysfrom
05Julyto11July2014.ECMWFGeopotential(m2/s2)isshownforthe500hPa
levelfortheprimaryperiodofairmassuplifton06July201406UTC.Bluecolors
indicatealoweraltitudeforthe500hPalevel,associatedwithacolumnofcolderand
denserair,thusalow-pressurearea.GreentrianglesindicatelocationsofPretoria,
SouthAfrica,andChristchurch,NewZealand.

airmassestraveledfromPBLaltitudesinSouthAfricatouppertroposphericalti-

tudesalongthenortheasternsideofalowformedoffthesoutheastcoastofAfrica.

AsHYSPLITisreliableinrepresentinglarge-scalemeteorologicalphenomenaand

calculatingresultingairmasstrajectories,transportalongasouthernhemisphere

cycloneisevident.

Alternatinglowsandhighsmovedalongwiththewesterlywindsoverthedaysfol-

lowing,leadingtothehorizontalS-curveobservedinthetrajectories:Figure4.12

showsthedevelopmentofthelowwithgeopotentialchartsaswellassatelliteim-

agesforthreesuccessivedaysat≈12UTC.Infrared(IR)imagesdeliveredbythe

Meteosat-77satelliteareusedtoinvestigateclouddevelopment: moistureuplift

alongthetrailingsideofatrough,e.g.ina WCB,leadstothecharacteristically

shaped,elongatedcloudformation.

Notunexpectedly,ECMWFanalysisandsatellitemeasurementsareinaccordance

withtheHYSPLIT(i.e.GFSdata)analysispresented,indicatinglarge-scaleuplift

7http://www.ncdc.noaa.gov/gibbs/html/MET-7/IR/
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4.1TransportofSouth-AfricanEmissionstoNewZealand

Figure4.12:ECMWF500hPageopotential(12.00UTC)andMeteosat-7IRImages
(11.30UTC)fora)05July2014,b)06July2014,c)07July2014.Colorsindicate
cloudtoptemperatures:Cold(high)cloudtopsaredisplayedasred,withatransition
togreenandblueandwhite,andfinallytograyforwarmercloudtops. Theblue
arrowshowstheexpectedpathwaythatairmassesinasouthernhemisphere WCB
wouldtakeduetofrontalmovementsandtheCoriolisforce.Thebluecirclesindicate
thelocationofcloudformationduetoliftingof(moist)airmassesinthelow(‘L’).
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oftracersduetofrontalcyclogenesisoffthecoastofSouthernAfrica.

4.1.3.2PathwayofPollutedAirParcels

Inordertoinvestigatetheupliftingprocessfurther,thetrajectories’historywasput

intocontextwithradiosondemeasurementsandananalysisofGDASsurfacewind

data.

Figure4.13: EvolutionoftrajectoriesfromSouthAfricatoNewZealandfor
168hoursbetween04July201406UTCand11July201406UTC.Theupperpanel
showstrajectoryheights(km,purple),(modeled)boundarylayerheight(km,pink)as
wellas(modeled)terrainheight(km,blackdashed). Mainlandmassescrossedwere
SouthAfrica,AustraliaandNewZealand.Thebottompanelshowstrajectorypres-
sure(hPa,green)andrelativehumidity(%,blue).Theblackverticallinesindicate
theperiodofmajorupliftbetween–138and–102hours.

HYSPLITprovideshourlyoutputofdescriptiveparametersalongatrajectory(see

section3.2.2.1).Figure4.13showsthetimeevolutionbetween04July201406UTC

and11July201406UTCforthesixtrajectoriesobtainedintheprevioussection

fulfillingboththe WCBandPBLcriteriafortheenhancementregionincluding

P1–P5(seealsoFigure4.11). TrajectoriescrosstheboundarylayeroverSouth
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Africa,indicatinguptakeofemissionsfromthere. Timeofmajorupliftwasbe-

tween05July201412UTCand07July201400UTC.Thus,theliftingprocess

hadadurationof≈36hours,overcomingapressuredifferenceof≈650hPa. Air

parcelswereliftedfrom1km(900hPa)altitudeto10km(200hPa)altitude.Over

Australia,trajectoriesagainsinkdowntoheightsbetween4.5and6.5kmabove

ground.However,boundarylayerheightsoverAustraliaonlyreachupto2kmal-

titude.HYSPLITprovidesat6kmaltitudeaverticalresolutionof±400mandat

2kmheightaresolutionof±250m(seesection3.2.2).Thus,itisverylikelythat

trajectoriesdidnotcrosstheboundarylayeragainafterliftingofftheSouthAfrican

coast.

Figure4.14:RadiosondedatafromFALEstationnearDurbanforthetimebefore
majoruplift,04July201412UTC(darkred),05July201400UTC(red),12UTC
(green),06July201400UTC(blue),shownbetweengroundand700hPa. Left
panel:Temperatureprofiles.Rightpanel:Potentialtemperatureprofiles. Mid-panel:
LocationofFALEstation(greenstar)aswellastrajectorypositionswithcolor-code
showingaltitudeabovePBLheight(0indicatesPBLheightandbelow).

AssociatedprecipitationforRHvaluescloseto100%stronglyindicatescavengingof

tracegasesandaerosolduringtheiruplift.Subsequently,duringtransportacrossthe

IndianOceanandAustralia,nofurtherwashoutoccurred,asRHlevelsstayedclose
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tozero.ThetrajectoriesoverNewZealandarelocatedatabout8–10kmaltitude,

withagainincreasedRHvaluesof65–90%. Althoughthepollutionplumesvery

likelyexperiencedwashoutduringtheirjourney,considerablyenhancedSO2levels

werestillabundantwhentheairparcelsreachedOceania.

Figure4.15:SurfacewindsusingGDASwinddatafora)04July201412UTC,
b)05July201400andc)12UTC,andd)06July201400UTCoverSouthAfrica.
ThebluearrowsunderlinethemainwinddirectionfromPretoria(blackX).

Radiosondedatawasdeployedtocheckwhether meteorologicalconditionsover

SouthernAfricaweresuchthateffectiveupliftfromlowestaltitudeswaspos-

sible. Figure4.14showsradiosondeprofilesfromFALEstationnear Durban

(29.61°S/31.12°E,elevation:109m)forthetimesbefore(04July201412UTC,

05July00UTC)andduringmajoruplift(5July2014,12UTC)andshortlyafter
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themainliftingtookplace(06July00UTC).Theprofilesfor05July00UTCshows

aninversionabovegroundofbetween1000and970hPa,whereasfor05July12UTC

–whentheliftingprocessofthetrajectoriesstarted–bothprofilesindicatethat

noenergyisneededforairparcelstorise. Thus,theatmosphericlayeringwas

promotingfastupliftfromoutofthePBL.Thissupportstheanalysisconducted

withHYSPLITwithindependentdata.

Forthemid-panelofFigure4.14,PBLaltitudesweresubtractedfromtrajectory

altitudesinordertoshowtheimmersionregionsoutheastoffthecoastofSouth

Africa.Inordertoclarifywhetheruptakeofpollutionstemmingfromtheregion

aroundPretoriawaslikely,Figure4.15showsGDASsurfacewinddirectionand

strengthatthesurfaceforonedaybeforemainupliftstarted(05July12UTC).

Northwesterlywindsindicate mixingoftheairstreamsdescribedbyHYSPLIT

trajectorieswithemissionsfromtheHighveldplateau.

4.1.3.3EstimationofSulfurDioxideLossduringTransport

ThetrajectoryanalysisnotonlyconfirmsSouthAfricaassourceregionforthe

elevatedpollutionlevelsinNewZealand,buthighlightsalocationnearPretoria.The

‘Highveld’plateaueastofPretoriaisknownasanemissionhotspotonthesouthern

hemispherefornumeroustracespeciesduetoaclusterof12coal-burningpower

plants.TheHighveldplateauisinfamousforthehealthburdenthatthepopulation

incloseproximitycarriesinordertosupplythecountry’sneedforenergy8.

Thissectionestimatesanupperlimitforthe mixingratiolossfactor ofSO2

duringtransportusingCO2asreferencetracer. COcouldnotbeusedastracer

becauseitisnotusuallyreportedbytheenergyproviders(sinceemissionsaremuch

lowercomparedtoCO2).Theestimationof isachievedbycomparingaratioof

emissionsatthecoalfiredpowerplantsinSouthAfrica[∆SO2]SA/[∆CO2]SAwith

themeasuredratioinNewZealand,[∆SO2]NZ/[∆CO2]NZ.Bothspeciesunderliethe

8ForavisualimpressionofairpollutionduetocoalburningatHighveldhavealookat: The
SouthAfricanCivilSocietyInformationService:‘CleartheAir: HowEskom’scoalkills’at
https://vimeo.com/99675319#at=236,4.7.14;CentreforEnvironmentalRights:‘Inpictures:
WhatcoalisdoingtotheMpumalangaHighveld’athttp://cer.org.za/news/in-pictures-what-
coal-is-doing-to-the-mpumalanga-highveld,26.5.15)
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samedispersionanddilutionprocessesduringtransport.But,whereasitisassumed

thatCO2doesnotsufferfromanyfurtheratmosphericlossprocessesduringuplift

andtransport,SO2moleculeslikelyexperiencescavengingandparticleformation.

Althoughwashoutoccursinprincipleforbothspecies,SO2ismuchmoresoluble

comparedtoCO2: Henry’sLawcoefficientforCO2isonly<3%intherelevant

temperaturerangeofthecoefficientforSO2[Sander,2015].Theuptakecoefficient

foraqueoussolutionsdiffersbymorethanafactorof100forallpHlevelsat291K

[Bonifaceetal.,2000,theirFigure11].

TheratiobetweenemittedCO2andSO2dependsonthesulfurcontentofthecoal

aswellastheburningprocess(seealsosection2.2.2),thereforeitisrecommended

touserealemissiondata. ZunckelandRaghunandan[2013,theirFigure3]re-

portemissions/annum(2012/2013)forCO2of17.02MtandforSO2of125923t

forEskom’s9Duvhapowerstation(therebyproducing≈3600MW).Thus,theratio

[∆SO2]SA/[∆CO2]SAattheemissionregioninSouthAfricaholds:

[∆SO2]SA
[∆CO2]SA

=
125923t

17020000t
≈
1

135
(4.1)

ForcomparisonwiththemeasurementsoverNewZealand,P1waschosenasan

exemplaryobservationpointbecauseitstrajectoriesdescendedthelowestoverthe

Highveldarea.Theassumedambientbackgroundvalueshadtobesubtractedfrom

themeasuredmixingratiosinordertodeterminethecontributionofexcesspollution

fromSouthAfrica:ForCO2,alinearlyinterpolatedbackgroundbetweentheaver-

agevaluesof100datapointsbeforeandafterP1,forSO2aconstantbackgroundof

20pptvwasassumed.CO2datagapswereinterpolatedbetweentheavailabledata

pointsinordertocomparethemproperlytoSO2values.Theratiobetweenmea-

sured[∆SO2]NZand[∆CO2]NZoverNewZealandwerecalculatedusingtrapezoidal

integrationwhichresultsin:

[∆SO2]NZ
[∆CO2]NZ

≈
1

3300
(4.2)

9EskomisSouthAfrica’slargestenergyprovider:www.eskom.co.za
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Thus,forthelossfactor betweenbothtracegasratios,itholds:

=
[∆SO2]SA/[∆CO2]SA
[∆SO2]NZ/[∆CO2]NZ

=
1/135

1/3300
≈ 24(±5) (4.3)

Theestimateduncertaintyof±5accountsformeasurementuncertaintiesaswellas

emissionuncertaintiesbycomparisonwithemissionvaluesreportedbyvonBlottnitz

[2006].Overall,anobservedSO2mixingratiooverNewZealandof100(300)pptv

leadstoanemissionconcentrationof≈2.4(7.2)ppbvatSouthAfrica. Thiscon-

servativevalue(sincelossprocessessuchasscavengingoraerosolformationforSO2

arenotconsidered)isinaccordancewiththeorderofmagnitudeofseveralground-

basedmeasurementsneartheHighveldplateauthatreachmeanSO2concentrations

of≈13ppbvinwinter(JJA)[Josipovicetal.,2010,Laaksoetal.,2012]. Collett

etal.[2010]observeamixingratioof6ppbvforaone-yearaverage(April2005–

March2006)withan18ppbvSO2peakatmidday.

4.1.4EvaluationofCaseStudy

Thesectionsabovedescribedtheobservedtroposphericpollutionplumesandex-

plainedtheemissions’originandpathway.Thissectionevaluatespotentiallimita-

tionsofthe(model)analysis.Inaddition,therepresentationoftheobservationsin

globalchemistrymodelingisinvestigated.

4.1.4.1 DiscussionofPotentialHYSPLITLimitations

HYSPLITonlyoffersalimitedhorizontalresolutionof1°x1°(seesection3.2).Thus,

thunderstorms,pyroconvectionduringbiomassburning,stronglocalconvection,vol-

caniceruptionsorothersmall-scaleupliftprocessesmaynotbecapturedbythe

model.IftheyoccurclosetoastrongSO2source,theymayinfluenceSO2levelsat

higheraltitudes.

109



4Long-RangeTransportStudiesofSulfurDioxide

ThermalIRsatelliteimages10areshowninFigure4.16fortheobservationdayand

thedaybefore.TheyshowcloudformationoverNewZealandinordertoindicate

thunderstormsorconvection. ThunderstormswereprominentnortheastofNew

Zealand(Figures4.16aandb),butnotclosetotheislands.Themovementofair

massesaroundthelowovereasternAustraliatowardssouthernNewZealandwas

alsocapturedbyHYSPLIT.

Figure4.16: ThermalIRsatelliteimagesover NewZealandfrom MTSAT-2
between10July201412UTCand11July201406UTCforevery6hours.Cloudtop
heightsareindicatedbyrainbow-likecolorsindicatingincreasingaltitudefromredto
bluetogreen.Forbettervisibility,thecoastlinesoftheNorthandSouthIslandsof
NewZealandarecircledinblack. Thearrowsindicatethemainmovementofair
massesaroundtheAustralianlow.

10MTSAT-2(alsoknownas Himawari7)satelliteimagesareprovidedbytheJapan Me-
teorological Agency’s(JMA)andobtainedfromthe EOL DEEPWAVEfieldcatalogue:
http://catalog.eol.ucar.edu/deepwave
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Strongbiomassburningmayinducesmall-scaleconvectionaswell(e.g.[Damoah

etal.,2006]).Figure2.9insection2.2.2.2showsfireactivitiesoverSouthAfrica,

MadagascarandAustraliabeforeandduringtheobservationperiod.However,these

activitieswerenotveryintense.Inaddition,forbiomassburningemissions,the

observedratiobetween∆SO2and∆COwouldbecomparablyhigh:Andreaeand

Merlet[2001]reportaratioof0.3–1.4%fortropicalandextratropicalforestsatthe

emittingsource.Attheobservationregionatminimum(e.g.forP3andP4)theratio

holds0.1ppbvSO2/5ppbvCO=2%–afterseveraldays,thusafterexperiencinga

considerablereductioninSO2mixingratios.Usingthelossfactor =24derivedin

section4.1.3.3,the∆SO2/∆COratioatthesourcewouldincreaseto≈50%.Acoal

combustionprocesswouldproduceamuchhigherSO2toCOemissionratiothan

biomassburning[Lietal.,2008,LiuandZipser,2005];thus,industrialemissions

aremorelikelytoberesponsiblefortheobservationsmade.

Figure 4.17: Active volcanoes in
July2014,flightroutesAandB,andthe
sixtrajectoriesdefinedinsection4.1.3.1.

Asdescribedinsection3.2.1.2,fre-

quentlyactivevolcanoesinthesouthern

hemispherewerealreadyconsideredin

themodelanalysis. The WhiteIsland

volcanonorthofNewZealandaswell

asvolcanoesin Antarctica(Erebus),

PapuaNewGuinea(Bagana, Manam,

Langila,Ulawun)andVanuatu(Yasur)

wereincludedintheemissioninventory.

Asshowninsection4.1.2.1,theyhadno

influenceontheuppertroposphericob-

servations.

Toexcludeinfluenceofspontaneousand

minorvolcanicactivitiesonNorthIs-

land,theVolcanicAshAdvisoryCen-

ters(VAAC)in WellingtonandDarwin

aswellastheInstituteofGeologicalandNuclearSciencesLtd.(GNSScience)11,

11PersonalCommunicationwithAgnes Mazot,VolcanicGasGeochemist,InstituteofGeolog-
icalandNuclearSciencesLtd. (GNSScience),NewZealand,14February2016(seealso
http://www.geonet.org.nz/volcano/orhttp://www.gns.cri.nz/).
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NewZealand,werecontactedfordetaileddataofvolcanicactivities.

VAAC Darwin12 onlyreportsvolcanicactivitiesforIndonesiabetween2and

13July2014. VAAC Wellington13informedaboutanAircraftReport(AIREP14)

thatwasissuedon7JulyforasteamplumefromTongariroonNorthIsland.How-

ever,GNSSciencedoesnotconfirmactivityatTongariroforthisdatebutreported

thatthetherewasaslightincrease(≈55Mg/day)inSO2emissionsatTongariro

on18July2014(thusaweekaftertheresearchflightsdiscussedhere). Ruahepu

hadanincreaseinactivityon7July2014(≈115Mg/day). Ngauruhoevolcano

isnotemittinganySO2. However,allfrequentlyactivevolcanoesarelocatedon

NorthIsland,asillustratedinFigure4.17.Thelineardistancetotherelevantmeas-

urementareaswerealwaysseveralhundredkilometers(TongarirotoChristchurch:

>500km). Furthermore,theairparcelstraveledalongthetrajectoriesatabout

8kmaltitude.Theywerenotexposedtoareaswithvolcanicactivity.

Summarizing,itisverylikelythatthemodeldidnotmissanyrelevantsmall-scale

liftingprocesses.

4.1.4.2RepresentationoftheCaseinanAtmospheric Model

Tocheckwhetherglobalclimateandchemistrymodelsrepresenttheabovedescribed

processesandresultingtracegasenhancementscorrectly,acomparisoniscon-

ductedbetweenin-situdataforflightson11July2014withtheglobalatmosphere–

chemistrymodelECHAM–MESSyAtmosphericChemistry(EMAC).EMACcom-

binestheECMWF,HAMburg,version5(ECHAM5),anatmosphericgeneralcir-

culationmodel[Roeckneretal.,2006],andtheModularEarthSubmodelSystemin

theseconddevelopmentcycle(MESSy2),amodularglobalclimateandchemistry

simulationsystem[Jöckeletal.,2010,2006,Jöckeletal.,2015].EMACworkswith

aT42L90resolution(2.8°x2.8°horizontalresolutionwith90hybridpressurelevels

reachingfromgroundintothemiddleatmosphere(≈80km)).Thedynamicmodel

ECHAMisbasedontheECMWFweatherforecastmodel[Deeetal.,2011]. MESSy

12ftp://ftp.bom.gov.au/anon/gen/vaac/2013/
13PersonalCommunicationwithTomAdams,Meteorologist,MetServiceNewZealand,11Febru-
ary2016

14Routinereportofactualweatherconditionsencounteredbyanaircraftwhileinflight
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providesaframeworkforastandardizedimplementationofsubmodelsdescribing

troposphericandmiddleatmosphericprocessesandtheirinteractionswithoceans,

landandhumaninfluences. Thesystemcurrentlycomprisesabout60submodels,

e.g.thechemistryModuleEfficientlyCalculatingtheChemistryoftheAtmosphere

(MECCA).MECCAincludes826reactions(version3.0,[Sanderetal.,2011])de-

scribingtroposphericandstratosphericchemistrybothinthegasandaqueousphase

(e.g.HOx,NOx,methane,non-methanehalocarbons,halogens,sulfurandmercury

cycles).ItispossibletonudgetheEMACmodelwithmeteorologicalre-analysis

datatoallowforadirectcomparisonwithobservations. Therunpresentedhere

was‘RC1SD-base-10b’,whichissimilartoRC1SD-base-10aasdescribedinJöckel

etal.[2015],butforadifferentperiodoftime(July2014).Thetimestepofdata

outputis720s(12minutes). ThecomparisonisgivenforSO2aswellasO3as

stratosphericandCOasanthropogenic,tropospherictracer.

Figure4.18:ComparisonofO3andCOmeasurementswithEMACmodeloutput.
EMACdataisinterpolatedalongtheflighttrackandavailableforevery12minutes,
soin-situdatawasaveragedtothesamepointsintime(ifpossible).

Figure4.18showstheobtainedin-situmeasurements,themeasurementdatainter-

polatedontothepointsintimewhereEMACoutputwasavailableandtheEMAC

modeloutputalongtheflighttrackforCoandO3,respectively.Foracomparisonof

theresultingvaluesseeTable4.3withmaximumandminimumdifferenceaswellas

anaveragedratiobetweenmeasurementandmodeloutput.Asexpected,thelong-

livedcompoundsO3andCOarerepresentedwell.ForO3,EMACoverestimated
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themixingratiosslightly(+26%inaverage).Thesharpnessofthetropopausefolds

crossedtwicebetween06.45and07.00UTCandaround10.45UTC,respectively,is

notcapturedbythemodel.Therisingofvaluesfrom50to150/200ppbvisextended

overalargerareainthemodel.ForCO,thegoodratiobetweenmodelandmeasure-

mentdatapointsinaverage(0.96)isinfluencedbythecontinuousunderestimation

ofvaluesbeforeandafterprobingofairmassesinthetropopausefold,andrelatively

largeoverestimatesofCOmodelvaluesatthetropopausefold.However,maximum

differencesinCOmixingratiosstaybelow10ppbv. Theoverallgoodrepresenta-

tionofO3andCOsupportstheassumptionthatthelayeringintheatmosphereis

capturedwellinthiscase.

Figure4.19:ComparisonofSO2measurementswithEMACmodeloutput.EMAC
dataisinterpolatedalongtheflighttrackandavailableforevery12minutes,soin-
situdatawasaveragedtothesamepointsintime(ifpossible). Notethedifferent
scaleforinterpolationsandmodeloutput(left)andmeasurementvalues(rightside).

Figure4.19showsSO2measurementsaswellasmodeledvaluesbyEMAC.EMAC

representsSO2ingeneralverywellalthoughtheobservedenhancementsbetween

06and07UTCarenotcapturedinitsvariability.SO2mixingratiosareunderesti-

matedofabout90%inthemodelcomparedtothemeasurement.

Tostetal.[2010]reportunderestimationsofSO2measurementsinEMACofone

orderofmagnitudeinthemiddleanduppertroposphereinlocalconvection.They
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Tracegas
Model/Measurement

minimum maximum average

O3 –20% +115% +31%

CO –14% +26% –4%

SO2 –63% +90% +12%

Table4.3:ComparisonofEMACmodeland(interpolated)in-situmeasurement
values. ForSO2,thefirstdatapoint,showninFigure4.19,wasleftoutinthe
comparison,becausethemeasurementvaluedependsstronglyonalocalsource,likely
apollutedairport.

assumethatwetdepositionandheterogeneousoxidationlossesarestronglyover-

estimatedbythemodel.Ingeneral,alsoageographicallyshiftedrepresentationof

convectionoradvectionprocessesinthemodelcouldberesponsibleforamismatch

ofobservationsandmodelresults. Fiedler[2007]alsofindsageneralunderrep-

resentationofmodelSO2values(withECHAMversion4)comparedtoairborne

measurements.However,inthisstudy,measurementvaluescomparedtomodelre-

sultsfortheenhancementsP1–P5wereonlydoubled.Itislikelythatthemodel

captureslarge-scaleupliftbetterthanstronglocalconvectionprocesses.

4.1.5Summary

Previousstudies(seesection2.3.3.2)showedthatthewinterpathwayfromSouth

AfricaintotheIndianOceaninthedirectionofOceaniaisdominant.Thisstudy

confirmsthisoutflowrouteingeneralandemphasizesthatalsorelativelyshort-lived

speciessurvivefastupliftandsubsequentlong-rangetransport. Pollutionplumes

reachOceaniawithSO2enhancementsofafewhundredpptvabovebackground

evenafterhavingexperiencedscavengingduringtheirjourney. Emissionsareex-

pectedtoincreaseintheHighveldareainthecontextofadvancingindustrialization.

SincecyclonesoccurfrequentlyoffthecoastofSouthAfrica,theimportanceofthis

pathwaywillincreaseinthefuture.
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Thiscasestudydescribedanddiscussedthefollowingtopics:

•Airborneobservationsofseveraltracespecies(SO2,CO,O3,CN)inthe

uppertroposphereover NewZealandintheframeworkoftheairborne

DEEPWAVEfieldcampaignwithhighestobserved(average)levelsabove

backgroundof∆390(∆260)pptvSO2and∆300–500/cm
3forCNparticles

between9.5and10.5kmaltitude(P2)

•TheapplicationofHYSPLITdispersionmodelingsoastodetermineSouthern

AfricaasthemainSO2sourceregioncontributingtopollutionlevelsoverNew

Zealand

•AdetailedsourceanalysisusingtheHYSPLITtrajectorymodeincludingback-

wardaswellasforwardmodelinginordertoshowthatSO2emissionsstem-

mingfromtheheavilyindustrializedregionaroundPretoriaweredistributed

aroundhalfofthesouthernhemisphere

•Theconfirmationthatacyclonicairstream,inparticulara WarmConveyor

Belt,wasresponsibleforrapidandeffectiveupliftofpollutedairmassessouth-

eastoftheSouthAfricancoast

•AcheckontherobustnessoftheHYSPLITtransportanalysisbyexcluding

sourcesofuncertainties

•DerivationofanestimatedlossfactorforanthropogenicpowerplantSO2

emissionswhencomparedtoCO2emissionsof =24foratransportdu-

rationof≈6daysandadistanceof≈11.000kminthesouthernhemisphere

inJuly

•Acomparisonofmeasurements(CO,O3,SO2)withtheglobalchemistrymodel

EMACwhichshowsoverallagoodagreementalthoughthelocalSO2enhance-

mentswereunderestimatedbyuptoafactorof2
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4.2TransportofEastAsianEmissionstoNorthernScandinavia

Long-rangetransportinitiatedby WCBsnotonlyplaysakeyroleinpollution

distributioninthesouthernhemisphere,butinthenorthernhemisphereaswell.

Thiscasestudyconcernslong-rangetransportofSO2emissionsfromEastAsia

totheArctic. MeasurementswereobtainedinthecontextoftheGW-LCycleI

campaignconductedinnorthernScandinaviainwinter2013.

4.2.1AirborneIn-situ MeasurementsoverNorthernScandinavia

First,thissectionintroducestheGW-LCycleImissioningeneralwithanoverview

oftheflightsandtheobtainedSO2measurements.Thenthecasestudy’smeteor-

ologicalsituationaswellasadetaileddescriptionofflightlegswithenhancedSO2

levelsarediscussed.

4.2.1.1GW-LCycleI MissionOverview

TheGW-LCycleIDLRaircraftmeasurementcampaignwasconductedinnorth-

ernhemispherewinterforabouttwoweeks(02to14December2013)innorthern

Scandinavia. TheDLRresearchaircraftFalcon20wasbasedinKiruna,Sweden

(67.85°N/20.22°E)atthe‘ArenaArctica’researchcenter.Flightswereconducted

withintheArcticCircle:Thesouthernboundaryofthemidnightsunapproximately

definestheArcticregionwiththeArcticCirclelyingat66.5°N15.Airborneobserva-

tionswerebackedwithmeteorologicalforecastsaswellasradiosondesoundingsin

Kiruna,Andenes(Norway)andSodankylä(Finland).

15ThisisasimplifiedapproachtodefinetheArctic,butalsothemorecomplexdefinitionfrom
theArcticMonitoringandAssessmentProgramme(AMAP)coincideswiththisboundaryover
Scandinavia[AMAPAssessmentReport,1998].TheAMAPboundaryconsiderselementsofthe
ArcticCircle,politicalboundaries,vegetationboundaries,permafrostlimits,andmajoroceano-
graphicfeaturestoprovideageographicalcontextinparticularforsource-relatedassessments,
i.e.,considerationofsourceswithinandoutsidetheArctic[AMAPAssessmentReport,1998,
theirchapter2].
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4.2.1.2In-SituObservationsOverview

DuringGW-LCycleI,overall4flightswereconductedwiththeiontrapdelivering

data.Thecorrespondingflightroutesforthetwoflightson03Decemberand13De-

cember2013,respectively,areshowninFigure4.20a. Theyweredesignedtorun

roughlyperpendiculartotheScandinavianmountainrangeatlegswithdifferent

altitudesaroundthetropopausebecauseofthemission’sobjectiveofgravitywave

probing[Wagneretal.,2017].

Figure4.20:OverviewofGW-LCycleImission:a)4localflightroutesstarting
fromKiruna(circle)andb)SO2verticalprofiles. Colorsindicatedifferentflight
objectives:2WCBstudieson03December2013(red)and2otherflightson13De-
cember2013(green). SO2mixingratiosat4kmaltitudefor13December2013
(green)were>2400pptv(notshownforbettervisibilityoftheotherenhancements).

Figure4.20bshowsthecorrespondingobservedSO2verticalprofiles. Duringthe

twoflightson13December2013strongSO2enhancementsatbetween4and6km

altitudeofupto2.5ppbvwereprobed.Duringtheothertwoflightson03Decem-

ber2013,enhancementsofSO2concentrationsofupto1ppbvatbetween6and9km

altitudewereobserved.SinceSO2moleculesprominentintheUTLSregionexerta

largerclimateimpactduetofavoredsulfateaerosolformation(seealsosection2.4.2),
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thisstudyfocusesonthetracegasmeasurementsobtainedduringthetwoflightson

03December2013.

4.2.1.3 MeteorologicalSituationduringObservations

TheatmosphericcontextoftheobservationsisprovidedwithFigure4.21.Itshows

themeso-scalemeteorologicalsituationontheflightday.

Figure4.21:Meteorologicalsituationduringtheobservationson03December2013
overScandinavia:a)Geopotentialat500hPa(gpdm,geopotentialdecameter)and
surfacepressureat00UTC.‘T’denotesalow. b)Temperatureprofilesforra-
diosondelaunchesfromKirunafor03December2013at09.30(blue),13.30(green)
and17.30UTC(red).

Geopotentialat500hPa(00UTC)indicatesalowthatwaspresentoffthenorth-

westernScandinaviancoast. Freetroposphericwindswerecomingdirectlyfrom

thewestacrosstheScandinavianAlps.Radiosondesoundingsaccompaniedtheair-

bornemeasurementsandwerelaunchedfromKirunaat09.30,13.30and17.30UTC.

ThetemperatureprofilesobtainedareshowninFigure4.21b. Numerousmoreor

lessdistinctatmosphericinversionsarevisiblebetween4.7kmand13.6kmaltitude,

illustratingthecomplexlayeringoftheArcticwinteratmosphere. Theradioson-

destraveledalongwiththewindsprominentattheirpositionfromKirunaina

southeasterlyandeasterlydirectiontoFinland.
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4.2.1.4 Observations

ThissectiondiscussestheobservedenhancementsforSO2andothertracespecies

forthetwoflightson03December2013.OveralleightenhancementsinSO2levels

≥100pptvwereobserved:ThreeSO2enhancements(Q1–Q3)weredetectedduring

thefirstflight(A)between09.15and12.00UTC,fiveenhancements(Q4–Q8)during

thesecondflight(B)between13.25and16.25UTC.

Figure4.22:a)VerticalprofileofSO2observationsforbothflightsA(red)and
B(blue)on03December2013markedforobservationsQ1–Q8. Theblackline
indicatesthe100pptvlevel.ForflightA,onlyGPSdata>4.5kmwereavailable.
b)Bothflightroutes,color-codedwithSO2mixingratiosbetween20and>100pptv.
TheblackdotindicatesKirunaairport.Q1andpartlyQ6aremaskedbyflightlegs
coveringthesamehorizontalpositions(butdifferentaltitudes).

SincethepatternofdetectedSO2enhancementsisrathercomplex,afirstorienta-

tionisgivenbothinavertical(Figure4.22a)aswellashorizontal(Figure4.22b)

direction:theverticalSO2profilesshowthatenhancementsQ1–Q7weredistributed

between5.5and9.5kmaltitude,whereasQ8waslocatedbelow3kmaltitude.Ex-

ceptforQ1(7.3kmaltitude)andQ6(9.2kmaltitude),theSO2peaksweredetected

duringascentsordescentsoftheaircraft.Flightlegswereperformedatconstant

latitudefordifferentconstantUTLSaltitudes.FlightAwasconductedalong68°N,
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whereasflightBwasperformedfurthernorthalong69°N.Thecorrespondingas-

centsanddescentsoftheaircraftwereconductedattheeasternandwesternturn-

ingpoints. AllobservationsQ1–Q8weredistributedthroughouttheobservation

region.

Figures4.23and4.24showthetimeseriesforSO2,CN,O3andCOmixingratios

aswellasaltitude,longitudeandtopographyforQ1–Q3andQ4–Q8,respectively.

Below,thefeaturesoftheobservedenhancementsduringbothflightson03De-

cember2013aredescribedchronologically.Table4.4summarizesthecharacteristic

parametersforobservedSO2enhancementsQ1–Q8.

UTC Latitude Longitude Altitude Avg. SO2 Max. SO2

[hh.mm:ss] [°N] [°E] [m] [pptv] [pptv]

Q1
10.10:01 67.84 19.27 7330

120 345
10.18:40 67.87 17.06 7290

Q2
10.47:03 67.89 11.36 7880

370 680
10.49:46 67.90 12.34 9020

Q3
11.33:01 67.64 24.89 7720

70 180
11.41:16* 67.72* 22.88* 5570*

Q4
13.44:11 68.71 24.69 5480

70 150
13.58:24 69.41 28.05 6120

Q5
14.49:38 69.19 15.82 7900

140 490
14.53:50 69.31 17.19 9221

Q6
15.08:11 69.34 22.59 9210

80 160
15.10:31 69.34 23.50 9200

Q7
16.02:32 68.84 18.78 8280

490 1020
16.04:10 68.70 19.03 7310

Q8
16.11:17 68.33 19.80 3280

130 730
16.21:51 67.84 20.36 465

Table4.4:ObservationsQ1–Q8duringGW-LCycleI:Locationsandcharacteriza-
tionofSO2enhancements.*indicatesmissingGPSdataduringdescentforQ3.

Q1wasdetectedataflightlegperformedat7.3kmaltitudefromeasttowestover
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Figure4.23:Timeseriesoftracespecies(SO2(orange),CNparticles(green),CO
(red),O3(blue))forthefirstflightAon03December2013. Alsoshownisflight
altitude,color-codedwithlongitude(red:west,blue:east)andtopography(gray).

theScandinavianmountainridge.AbovethehighestelevationsoftheScandinavian

Alps(≈1200m),SO2mixingratioswentupto345pptv. Subsequently,another

airmasswithlowerO3(–70ppbv)andhigherCO(+30ppbv)levelswascrossed

andSO2mixingratioswentdownslowly.Enhancementswereobservedforaflight

durationofabout8minutes,whichcorrespondstoaflightdistanceof≈100km.

CNcountsfollowasimilarpatternasSO2mixingratiosandnearlydoublefroma

backgroundof≈150upto≈300particles/cm3withinQ1.

TheSO2enhancementQ2wasobservedduringascentbetween7.9and9.0kmoff

theNorwegiancoast. MaximumlevelsofSO2reached675pptv.Unfortunately,no

CNdataareavailableforQ2,norfortherestofflightA.COandO3levelsare

dominatedbythetransitionfromtropospherictostratosphericcharacteristics:O3

mixingratiosincreasefrom<100to>250ppbv,whereasCOshowstheopposite

behaviorandmixingratiosdecreasefrom≈80to≈40ppbv.
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Forthefollowinglegtotheeast,nofurtherSO2enhancementsweredetected.Dur-

ingthefollowingdescenteastofKirunaQ3wasobservedbetween7.7kmand5.6km

altitude. COlevelsincrease(+60ppbv)andO3levelsdecrease(–150ppbv)corre-

spondingly,againreflectingthetransitionfromstratospherictotroposphericalti-

tudes. Duringthebeginningofthesubsequentleg,CO(≈100–120ppbv)andO3

(≈30ppbv)concentrationsstayconstant;whileSO2levelsstayat≈200pptvat

maximumformorethan15minutes.

Figure4.24:Timeseriesoftracespecies(SO2(orange),particles(green),CO(red),
O3(blue))forthesecondflightBon03December2013.Alsoshownisflightaltitude,
color-codedwithlongitude(red:west,blue:east)andtopography(gray).

ObservationQ4wasdetectedsoonaftertake-offforflightBbetween5.5and6.1km

northeastofKiruna.SO2levelswereinaverageonly70pptv.CNconcentrationsare

at≈200particles/cm3(∆CN≈50/cm3),againshowingaverysimilarpatternalong

withSO2mixingratios.O3levelsat≈50ppbvindicatetroposphericairmasses.

Duringthefollowinglegacrossthemountains,CNcountsaswellasCOandO3levels

showadistinctivepatternalthoughflightaltitudestaysconstant.Thisislikelydue
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toorographicgravitywaveactivity.SinceSO2levelswerebelowthedetectionlimit,

thispatternisnotvisibleinSO2mixingratios.

ObservationQ5wasdetectedinthefollowingascentbetween7.9and9.2kmaltitude

offtheNorwegiancoast. MaximumSO2mixingratioswere490pptv.CNlevelswere

alsoelevated(+100–150particles/cm3).

Q6wasobservedduringaflightlegat9.2kmaltitudefromwesttoeast.SO2levels

(inaverage:80pptv)wereobservedatanO3levelof>200ppbv,clearlyindicating

stratosphericairmasses. WhereasO3decreasesfrom260to220ppbvduringthe

observationregion,CN(from80to100particles/cm3)andCO(from35to40ppbv)

concentrationsincreaseslightly.

AfterstartingthedescenttoKiruna,between8.3and7.3kmaltitudestrongSO2en-

hancementsof≈1020pptvalongwithCNlevelsofabout590particles/cm3werede-

tected(Q7),accompaniedbysharppeaksinCO(+20ppbv)andO3(–100ppbv).

Duringfurtherdescent,againSO2mixingratiosofupto730pptvwereobserved

(Q8).Elevationsstartedbelow3.3kmaltitudeonly≈30kmnorthwestofKirunaand

extendeduntillandinginKiruna,indicatingalocalpollutionsource.Suchastrong

localSO2sourceisassociatedwithironoreminingactivitiesinKiruna,especially

inthepelletisingplants[Aswathanarayana,2012,theirChapter3.7].Theairport,

usuallyacommonsourceofpollutionduringascentanddescent,didnotfeature

muchactivityinKirunawithonlyafew,smallairplanesperday. Unfortunately,

noCOdataareavailable;inaddition,nootherSO2dataisavailableforthisday

below4kmaltitude: missingGPSdataduringflightAandbaddataqualityfor

SO2duringtheascentfromKirunaairportforflightBpreventanyfurtheranalysis.

However,forthefollowinganalysis,onlyQ1–Q7areconsideredsincethisstudyis

interestedinthelong-rangetransportoftracers.

4.2.2IdentificationofSourceRegion

Thissectioninvestigatestheoriginoftheobservedpollutionplumes. Both

HYSPLITdispersionaswellastrajectoryanalysiswereused.
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4.2.2.1 HYSPLITDispersionAnalysis

TheHYSPLITdispersion modewasusedtodetermineSO2contributionsover

ScandinaviaoriginatingfromthethreesourceregionsEastAsia(EA),North-East-

America(NEA)andEurope(Eu).Figure4.25showsSO2maximumvolumemixing

ratiosatanyheightat11UTContheflightday–thistimecorrespondstothe

observationtimeofQ2.Thesituationat16UTCwasverysimilar(notshown).

Figure4.25:ContributionofsourceregionstoSO2maximumvolumemixingratio
atanyheightoverScandinaviafroma)allthreesourceregions(EA+Eu+NEA),
b)North-EastAmerica(NEA),c)Europe(Eu),d)EastAsia(EA)at11UTCon
03December2013between0and≥1.6ppbv.
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Thesumofallthreesourceregions(Figure4.25a)forecastsaplumeofSO2over

midScandinaviawith>1.5ppbvatmaximumandlargelyextendedlevelsofabout

400–800pptvoverthewholeregion.Ingeneral,whereasSO2mixingratiossouthof

Scandinaviaaremuchhigher,theydecreasetothenorthandtheeast.

Figure4.25bshowsEuropeanSO2mixingratios. Emissionsstaymostlysouthof

62°N.ExceptionsarethestrongSO2emissionsfromKolaPeninsula(Russia)ore

smelters,whichare(inthiscase)exportedtothenorth.

EmissionsoriginatingfromtheNorth-Americaneastcoastarepredestinedtobe

liftedandexportedtocentralEurope,aslowsoccurfrequentlyandthedistance

toEuropeisshort. However,usuallypollutionplumesstayatmid-latitudesand

wellbelowtheArcticcircle.Figure4.25cconfirmsthisexpectation:emissionsare

importedfromNorth-EastAmerica,buttheystaysouthoftheobservationregion.

EastAsianemissions,showninFigure4.25d,dominateSO2mixingratiolevelsin

ScandinaviaandlargeareasintheNorwegianandBarentsSea.Overall,SO2mixing

ratiosoverScandinaviastemmingfromEastAsiaarelowercomparedtolevelsin

CentralEurope–whichisplausibleduetolossesoccurringduringthepassagefrom

thisdistantsource.However,theystillreach(modeled)levelsof400to1600pptv

andmore.

Figures4.26a,c,eand4.27a,c,eshowmaximumEastAsianSO2mixingratiosover

NorthernScandinaviaforeveryfullhourduringflightsAandB,respectively.They

showthatmaximumconcentrationsaremainlylocatedbelow66°N.Sinceresearch

flightrouteswerelocatednorthof67°N,thehighestmixingratiosinthepollution

plumeenteringtheArcticandNorthernEuropewerepossiblymissed.

InordertonotonlyinvestigatethehorizontaldistributionofHYSPLITSO2con-

centrations,Figures4.26b,d,fand4.27b,d,fshowverticalSO2crosssectionsalong

transectsselectedtorepresenttheflighttracksincludingenhancementsQ1–Q7.

HYSPLITcapturestheverticalstructureofenhancementsverywell:EastAsian

emissionsweredistributedonlybetween4and11kmaltitudewithlocalmaximaat

8–9kmaltitude.Itcannotbeexpectedfromthemodelsetuptomeettheobser-

vationenhancementsprecisely;however,allobservationsQ1–Q7–exceptforQ6–
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Figure4.26:HYSPLITEastAsianSO2mixingratios(noteadifferentscaleas
inFigure4.27)fora),b)10UTC;c),d)11UTC;e),f)12UTC.a),c),e)show
maximumSO2mixingratiosatanyheight;b),d),f)showverticalcrosssections
alongthebluelinesindicatedinthecorrespondingleftpanelincludinga),b)Q1;c),
d)Q2;e),f)Q3.Theblackarrowsindicateflightpattern,theblackcirclesandpink
arrowsindicatetheapproximatelocationofobservationsQ1–Q3.

127



4Long-RangeTransportStudiesofSulfurDioxide

Figure4.27:HYSPLITEastAsianSO2mixingratios(noteadifferentscaleas
inFigure4.26)fora),b)14UTC;c),d)15UTC;e),f)16UTC.a),c),e)show
maximumSO2mixingratiosatanyheights;b),d),f)showverticalcrosssections
alongthebluelinesindicatedinthecorrespondingleftpanelincludinga),b)Q4;c),
d)Q5,Q6;e),f)Q7.Theblackarrowsindicateflightpattern,theblackcirclesand
pinkarrowsindicatetheapproximatelocationofenhancementsQ4–Q7.
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arelocatedinsidesuchamodeledplume.ForQ2,Q5andQ7,themodeledplume

matchessurprisinglywellwiththeobservedenhancements.

SinceSO2lossprocessesarenotcompletelycoveredinHYSPLIT,modeledmixing

ratiosarelikelyoverestimated.Nevertheless,thedispersionanalysisshowsconvinc-

inglythatEastAsiaisthemaininfluencingsourceregionconcerningSO2levels

overScandinaviaforthecasestudyon03December2013. However,themodel

inventorysetupdidnotincludeEurasiaasanotherlikelysourceofArcticpollution.

Itwasnotwithinthescopeofthisstudytorepeatthesetupofthemodelwitha

moredetailedgeographicaldifferentiationoftheinventory.Forafollow-upofthis

work,themeasurementcampaignGW-LCycleIIinJanuary2016,moreregionsin

thenorthernhemispherearepreparedtobeselectable.However,thetrajectoryana-

lysisisnotrestrictedwithinanyregionalboundaries,whichcompensatesforthis

shortcoming.

4.2.2.2 HYSPLITTrajectoryAnalysis

Backwardtrajectoryanalysiswasperformedaccordingtotheapproachdescribedin

section3.2.2.2.Figure4.28showsthetrajectoriesforobservationsQ1–Q5aswellas

Q7withinitializingparameterslistedinTable4.5.ObservationQ6willbediscussed

inmoredetailattheendofthissection.Itwasofmajorinterestwheretrajectories

hit(closeto)thePBLbecausethatincreasestheprobabilitythatairstreamsmay

takeup(SO2)emissionsfromtheground. Therefore,themodeleddurationwas

–216hours(≈9days),exceptforQ1(–192hours,≈8days).

ComparedtotheobservationsP1–P5madeduringDEEPWAVE,thetrajectory

analysisforSO2enhancementsduringGW-LCycleIshowsalargervariety.Actually,

thiscouldbeexpectedsincethereareusuallynumerousinfluencesonthechemical

compositionoftheairparcel. TheDEEPWAVEcasewasexceptionallycoherent.

But,observationsduringGW-LCycleIalsoshowacommonbehavior: Fromthe

measurementareainScandinavia,theytraveledoverIcelandandaroundGreenland,

turnedclockwiseovereasternCanadaandcrossedtheArcticOcean. Duringthis

partofthejourney,theairparcelsstayedathighaltitudesandevenroseabovethe

Arctic. ThenthetrajectoriessankwhiletravelingoverEastSiberiaandreached

129



4Long-RangeTransportStudiesofSulfurDioxide

Figure4.28:TrajectoryanalysisforobservationsQ1–Q5andQ7duringGW-
LCycleI.TrajectorieswereinitializedaccordingtoconditionsgiveninTable4.5.
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UTC Nt Duration Latitude/°N Longitude/°E Altitude/m

[hh.mm] [h] step:∆0.1 step:∆0.1 step:∆100

Q1 10.10 144 –192 67.8 67.9 17.0 19.3 7200 7400

Q2 10.45 336 –216 67.8 67.9 11.3 12.4 7800 9100

Q3 11.40 1584 –216 67.6 67.8 22.8 24.9 5500 7800

Q4 13.55 2916 –216 68.7 69.5 24.6 28.1 5400 6200

Q5 14.50 960 –216 69.1 69.4 15.8 17.2 7800 9300

Q7 16.00 220 –216 68.6 68.9 18.7 19.1 7300 8300

Table4.5:Initializingconditionsforbackwardtrajectoryensemblesforobservations
Q1–Q5andQ7duringGW-LCycleI:Time,numberoftrajectoriesNt,trajectory
duration,position.

closetothegroundoverJapan(Q1,Q3,Q4,Q7),theNorthPacificOcean(Q1,

Q3,Q4,Q7)and/orEasternChina(Q1,Q2,Q3,Q5,Q7).Sometrajectories,being

locatedclosertocentralRussia,descendovereasternEurope(Q3,Q4,Q5).

UTC WCBcriterion PBLcriterion initialized resulting

[hh.mm] [hPa] [m] #trajectories #trajectories

Q1 10.10 500 PBLheight 144 2

Q2 10.45 500 PBLheight 336 1

Q3 11.40 500 PBLheight 1584 263

Q4 13.55 500 PBLheight 2916 385

Q5 14.50 400 2500 960 2

Q7 16.00 – 3500 220 1

Table4.6:WCBandPBLcriteriafortrajectorycalculationsQ1–Q5andQ7.

Inordertoinvestigatethesourceregion(s)further,thePBL16and WCB17selection

criteriawereapplied. ForQ5andQ7,weakenedcriteriahadtobeapplied(see

Table4.6)becausethestandardcriteriawerenotmet;Q1–Q4wereanalyzedusing

thestandard(strong)criteria.

16h(trajectory,t)<h(PBL,t)foratimet,seesection3.2.2.2
17∆p>500hPain48hours,seesection3.2.2.2
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Figure 4.29: Trajectoryanalysisforobservations Q1–Q5and Q7during
GW-LCycleIafterapplicationof WCBandPBLcriteria.Thedifferent WCBand
PBLcriteriaappliedforQ5andQ7aregiveninTable4.6.Forthesakeofclarity,
thepathwayofthetrajectoriesovertheArcticnorthof75°Nisnotdisplayedhere.

Figure4.29showsthattheresultingtrajectoriesforQ1,Q3aswellasQ4descend

mainlyovertheNorthPacificregioneastofJapan.Someofthetrajectoriescal-

culatedforQ3andQ4alsocomedownoverEastRussia,KoreaandNortheastern

China.TrajectoriesforQ2andQ7travelanddescendovermainlandChina.The

trajectoriesforQ5aswellasasingleremainingtrajectoryforQ3originatedfrom

easternEurope. Theyshowasharpchangeofdirectionfromeasttonorthabove

Russia,therebyjoiningthestrongerairstreamfromEastAsiaovertheArcticto

Scandinavia.

Figure4.30showsthetimeseriesforexemplarytrajectoriesforQ1–Q4andQ7

descendingaroundEastAsia.ForQ3andQ4,oneofthelowestdescendingtrajec-

torieswasrandomlyselected.ForQ1–Q4,thealtitudesofthetrajectoriesfellbelow

boundarylayerheight,therebylikelytakingupemissions.Subsequently,theair

parcelsthenascendedrapidly.Forthenextdays,theairparcelstraveledbetween

6and10kmaltitudetotheelevatedSO2observationat6–9kmaltitude.

Duetoalargerobservationarea,moretrajectoriesforQ3andQ4wereinitialized

(1584and2916,respectively)–therefore,itcouldbeexpectedthatmoretrajectories

inabsolutenumberssurvivedtheselectionprocesscomparedtootherobservation

areas(seealsoTable4.6).However,thisalsoholdsforrelativenumbers: Whereas
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4.2TransportofEastAsianEmissionstoNorthernScandinavia

Figure4.30:PathwayofexampletrajectoriesforQ1–Q4andQ7observedduring
GW-LCycleI.Thecontinuouslinerepresentstheairparcel’saltitude.Thedashed
linethecorrespondingPBLheight,color-codedwithlongitudebetween80and180°E.
Pleasenotethatanageof0denotesthestartingpointofthetrajectory,andthus
differsforeveryobservationinUTC(e.g.Q1:10.10UTC,Q7:16.00UTC).The
blacksquaresindicatethetimeframeforanintersectionofthetrajectorieswiththe
PBL.
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forQ1(1.4%)andQ2(0.3%)onlyafewtrajectoriessurvivedthedecimation;for

Q3(16.6%)andQ4(13.2%)alargerpercentageoftrajectoriescouldbeidentified

aspromisingroutesforSO2emissions. However,observedaverageSO2mixing

ratiosoverScandinaviawerelowerforQ3andQ4(≈70pptveach)comparedto

Q2(≈370pptv)andQ7(≈490pptv). Although WCBroutesthattransportair

parcelsfromgroundtotroposphericaltitudesmaycarryemissionswiththem,the

resultingconcentrationheavilydependsontheaffectedpollutionsource(andthe

transportconditions).ConsideringtheSO2emissiondistributioninEastAsia(see

section2.2.2.1)itseemslikelythattheairparcelstakingupemissionsovermainland

Chinacarryhighermixingratios. Thismightevenbethecasewhentrajectories

donotdescendaslowovertheseacomparedtoairparcelsstemmingfromoverthe

NorthPacific.

AnotherdistinctivefeaturebetweenQ1(firstpart),Q2,Q5andQ7comparedto

Q1(secondpart),Q3andQ4isO3: whereasforQ3andQ4O3staysconstant

at≈50ppbv,fortheobservationduration,O3mixingratioschangefrommore

tropospherictomorestratosphericlevels(Q2;Q5)ortheotherwayround(Q1,first

part;Q7).Thistransitionregionbetweentroposphericandstratosphericaltitudesis

ofspecialinterestforSO2sincesourcesaremainlylocatedatgroundlevelorwithin

thetroposphere,butstratosphericaltitudesofferanextendedlifetimeofuptothree

years[Clarisseetal.,2008]duetoreducedlossprocesses.Then,emissionsinduce

increasedimpactonclimatebycausingthestratospheretowarmandthesurfaceto

cool[Robock,2000].

ObservationQ6wasespeciallyinterestingduetoconstanthighO3levels(>200ppbv).

Figure4.31showsthebackwardtrajectoriescalculatedforQ6.Theirdurationwas

extendedto720hours(30days),however,mostofthetrajectoriescirclearound

theArcticpolewithoutdescending. Onlyasingletrajectorydescendstolower

altitudes,showingthesamepathwayastheotherobservations–butabout3weeks

earlier. WithinthescopeofthisstudyitremainsunclearwhetherobservationQ6

reallyoriginatesfromanearlierpollutioneventfromEastAsiaorisactuallypart

ofthecasestudypresented. HYSPLITwasnotcapabletoentirelyrepresentthe

transitionfromtropospherictostratosphericaltitudes.
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4.2TransportofEastAsianEmissionstoNorthernScandinavia

Figure4.31: Trajectoryanalysisforobservations Q6during GW-LCycleI:a)
72backwardtrajectorieswithadurationof720hours,initializedat03Decem-
ber201315.10UTCforLongitude:22.5–23.6°E∆=0.1°;Latitude:69.3–69.4°N,
∆=0.1°; Altitude: 9100–9300m,∆=100m. b)Selectionfortrajectoryheight
(t)<7000mforatimet.

4.2.3TransportHistoryofSO2Emissions

AfterdescribingtheobservationsinScandinaviaandthedeterminationofthesource

region,thissectionwillgiveamorecomprehensiveinsightintotheupliftandtrans-

portprocessesinEastAsia. Themeteorologicalsituationduringupliftwillbe

illustrated,thetrajectories’historywillbeexploredfurtherandtheemissionregion

willbedescribedinmoredetailaddressingdifferentpossiblesourcetypes.

4.2.3.1 MeteorologicalSituationduringUplift

Thebackwardtrajectorycalculationsindicatethatprimaryupliftofemissionstook

placeon26November2013. Figure4.32aillustratesthemeso-scalemeteorolog-

icalsituationduringthatperiodusingECMWFgeopotential18at500hPa[Dee

etal.,2011]. Clearlyindicatedisamid-troposphericlowovernorth-eastChina.

18http://apps.ecmwf.int/datasets/data/interim-full-daily/
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At500hPathegeostrophicwindblowsnortheastwardaroundthetroughassociated

withliftingofairmasses.Thisanalysisissupportedbythesatelliteimage19given

inFigure4.32b:Liftedmoistairfromtheboundarylayerresultsinatypicalcloud

formationontheeasternsideofthelowoverJapan.

Figure4.32:Meteorologicalsituationon26November2013overEastAsia:a)
Geopotentialat500hPa(correspondingto≈5.5kmaltitude)andb)corresponding
MTSATsatelliteimage.Blackarrowsindicatethemainwinddirectionalongbands
withthesamegeopotential.

Clearly,themeso-scaleconditionsfavoredupliftandsubsequenttransportofEast

AsianSO2emissionstotheArctic. However,theanalysissofardoesnotindi-

cateadistinctiveregionnoraspecificpollutionsource,butratheralargerareaof

contributingemissionareas.

4.2.3.2EastAsianEmissions

ThehighlevelsofSO2detectedintheArcticafter9daysoftransportindicatethe

detectionofEastAsiananthropogenicemissions.TheyconstitutethedominantSO2

sourcetypeinEastAsiaandespeciallyinmainlandChina(foradetaileddescription

seesection2.2.2.1):Pollutionlevelsreachupto2–15ppbvevenforaltitudes>2km

[Dickersonetal.,2007,Heetal.,2012,Wangetal.,2008,Zhangetal.,2014].There-

fore,forobservationsQ2andQ7itisverylikelythatanthropogenicemissionswere

19MTSATsatelliteimagesareprovidedbytheJMAandobtainedfromtheKochiUniversityserver
athttp://weather.is.kochi-u.ac.jp/sat/.
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transportedtotheArctic.ForQ1,Q3andQ4trajectoriesreachedthePBLmostly

eastofJapan,thusoversea. DMSconversionconstitutesalikelysourceofSO2

emissions–however,concentrationsofDMSinthemarineatmospherearenormally

only≈100pptv[SeinfeldandPandis,2012]. WithaDMS-to-SO2conversioneffi-

ciency<1theemissionshadtoreachtheobservationregionalmostwithoutlosses.

Thisseemsunlikelyforatransportdurationof≈9days.Ontheotherhand,export

ofpollutionatrelativelylowaltitudesfrommainlandChinainthedirectionofthe

Pacifichasfrequentlybeenobserved[Hatakeyamaetal.,2001,Kimetal.,2001].

Igarashietal.[2006]reportpollutioneventsatMountFuji(3776m),Japan,that

likelyoriginatedfromthecontinent.TheyobserveSO2concentrationsof>6ppbv

inFebruary2004.Clarisseetal.[2011]underlinethatpollutionplumesinwinteren-

counternotasmuchhumidityasduringspring,thusSO2islessefficientlyscavenged

orconvertedtosulfate.However,thisislikelynotonlyduetotransport,butalso

becauseemissionsarealsomuchhigherintheheatingseason: NearBeijing,SO2

emissionsare4–6timeshigherinwintercomparedtosummer[Linetal.,2012].

Anotherpossibilityforhigh-reachingpollutionplumesthatmayinfluencethechem-

icalcompositionoffreetroposphericairparcelsarefireswithassociatedpyroconvec-

tion.However,Figure4.33showsthatduringtherelevanttimeframenoenhanced

fireactivitieswereobservedinEastAsia.

Figure4.33:MODISfiremapaboveEuropeandEastAsiabetween17and26
November2013(Frames:321–330). Redcolorindicatesfires,yellowcolorwould
indicatemoreintensefires.

AnotherrelevantSO2emissionsourcetobeconsideredisvolcanoes;especiallyinthis
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case,sincethetrajectoriestraveledoveraregionwithhighvolcanicactivity.The

Smithsonian’sGlobalVolcanismProgramandtheUSGeologicalSurvey’sVolcano

HazardsProgramreportvolcanicactivitiesgloballyandarchivethemonaweekly

basis20.Fortherelevanttimeframe(25Nov–03December2013),multiplevolcanic

activitieswerereportedalongthetransportpathway,inparticularinJapanand

EasternRussia.Figure4.34showsthoseactivevolcanoesclosetotrajectoriesfor

Q1–Q4andQ7selectedasdescribedinsection4.2.2.2.Below,therelevantreports

areinvestigatedindetail.

Figure4.34:Trianglesshowactivevolcanoesthatwereclosetotrajectoriesfor
Q1–Q4andQ7.Theselectionprocessforthetrajectoriesisdescribedintheprevi-
oussection4.2.2.2. Color-codeindicatesaltitude(MSL)between0and12kmfor
thetrajectoriesaswellasthevolcanicelevations. Crossesshowthetrajectories’
positionsat00UTCfordifferentdaysasgiveninthecolorsreferringtothediffer-
entobservationsQ1(lightblue),Q2(darkblue),Q3(orange),Q4(green)andQ7
(magenta).

InJapan,activevolcanoeswereNishinoshima,SuwanosejimaandAira,whichwere

passedaround26–27NovemberbytrajectoriesofQ2andQ7at7–8kmaltitude.

20http://www.volcano.si.edu/reports_weekly.cfm
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Nishinoshimawasmostactivearound20November,thusafewdaysbefore,thereby

creatinganewisland. Activitycontinuedforafewdays;however,plumesstayed

below1kmaltitude. Suwanosejimawasactiveon27November,butitsplume

alsostayedbelow2kmaltitude. However,Airawasactiveon26November,and

generatedashplumesthatrosetoaltitudesof5km.AninteractionofAira’sejections

withtheairparcelstransportedandobservedintheArcticseemsunlikelyduetothe

verticaldistance;however,sincethegiventrajectoriesareonlydisplayedexemplarily

andnodistinctivevolcanictracers(suchasH2O,H2S,OCS,CS2,HCl,HBrandHF

[Textoretal.,2003])weremeasuredduringGW-LCycleI,aninfluencecannotbe

excluded.

InEasternRussia,theactivevolcanoesChirinkotan,KarymskyandSheveluchwere

passedbytheairparcelsaround28Novemberat4km(Q4)and9km(Q2,Q7)

altitude. ActivitiesforChirinkotanwereofminorrelevanceandKarymskyonly

showedsomeseismicactivityduring22–29November. However,forSheveluch,

moderateashexplosionswerereportedbetween22–29Novemberwithplumesthat

rosetoaltitudesof4–5kmbasedonsatelliteanalysesaswellasvisualobservations.

Again,aninfluenceofSheveluch’sejectionsonairparcelstransportedintotheArctic

cannotbeexcluded.

Forthesubsequenttravelroute,nomoreactivevolcanoeswereclosetothepathway

oftrajectories.However,thisdemonstratesnotonlythatanthropogenicEastAsian

emissionsconstitutearelevantpollutionsourcefortheArctic,butalsonaturally

occurringemissionslikevolcanicdegassinganderuptions.Thevolcanoespresented

coincidewithamajorimportrouteforairstreamsreachingtheArctic.Thisinsight

promotesthenecessityofimplementationofvolcanoesintotheSO2inventory–as

wasdoneforthesouthernhemispherecasestudypresentedinthepreviouspart4.1

ofthischapter.

4.2.4EvaluationofCaseStudy

ThelastsectionsdescribedtheobservedpollutionplumesintheArcticuppertropo-

sphereandinvestigatedtheemissions’originsandpathwaysoutofEastAsia.This

sectionevaluatesthepotentiallimitationsofthe(model)analysiswithafocuson
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theconvectiveupliftofstronglocalSO2sources.Then,thesignificanceofpollution

pathwaysintotheArcticisdiscussedinordertoputwhathasbeenlearnedfrom

thecasestudyintocontext.

4.2.4.1LocalSulfurDioxideSources

Asmentionedinsection3.2,HYSPLIThasalimitedhorizontalresolutionof1°x1°.

Thus,volcaniceruptions,thunderstorms,stronglocalconvectionorothersmall-scale

upliftprocesseswithinthetransportortheobservationregionmaynotbecaptured

bythemodel.

TheArcticregionisapristineandremoteenvironment.Ingeneral,pollutionlevels

areverylowwithintheArcticcomparedtomorepopulatedandmoreindustrialized

regionsintheworld. ThereareonlyfewsulfursourcesintheEuropeanArctic;

however,thesearestrong.IncloseproximitytoScandinavia(distancetoKiruna:

≈500km)thenon-ferroussmeltersontheKolaPeninsulacontributeheavilytoArc-

ticpollutionalthoughsulfuremissionsfromKolaPeninsulahavedeclinedsince2000

[Kyröetal.,2014].Roigeretal.[2014]describeairborneSO2measurementsofKola

PeninsulaemissionsconductedduringtheACCESSfieldcampaigninJuly2012:

still,elevatedSO2mixingratiolevelsof>1ppbvwereobservedoffthecoastof

Hammerfest.

HoweverduetolowconvectiveactivityinthewinterArctictracespeciesemitted

atgroundlevelremainatrelativelylowaltitudes.Forthepresentcase,thesatellite

images21showninFigure4.35illustratethelowlocatedoverScandinaviawiththe

circularcloudformationalongEasternEuropeandRussia.Theimagesalsoindicate

asmallcelldevelopingat10UTCoffthecoastofScandinaviawhichtravelstothe

coastinthecourseoftheday.NoconvectivecellcanbeidentifiedoverNorwayor

Sweden.Therefore,noboundarylayerpollutionwastransportedverticallyintothe

uppertroposphere–indicatingthatlong-rangetransporthadtoberesponsiblefor

thepollutionlayersobserved.

21www.sat24.com
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Figure4.35:SatelliteimagesoverEuropefor03December2013ata)10,b)12,
c)14andd)16UTC.

TheArcticclimatezoneisespeciallysensitivetopollutionimportduetoclimatic

feedbackloopsandrelativelylowlocalemissionslevels. Thus,theimpactofSO2

long-rangetransportintotheArctic’stroposphericcompositionwillbediscussedin

moredetailbelow.

4.2.4.2ImplicationsofAerosolImportintotheArctic

The‘ArcticAmplification’phenomenondenotestheobservationthatthisregion

haswarmedmuchmorerapidlysincethe1970s(about+1.5K)comparedtothe

increaseinglobalmeantemperature[ShindellandFaluvegi,2009]. Thespecific

combinationofwhiteiceanddarkseasurfacesandthecorrespondingrapidchange

ofalbedoaccompanyingchangesinradiativeforcingmakestheArcticclimatezone

verysensitivetopollutionimport. Recentstudiesfindthatareductionofsulfate

aerosolismainlyresponsibleforanincreaseinEuropeanArctictemperature[Wobus

etal.,2016,Yangetal.,2014].Quinnetal.[2007]alreadyhighlighttheuncertainties

abouttheimpactoflong-rangetransportofpollutiontotheArctic.

Usually,alargeincreaseintroposphericaerosolintheArcticisknownforlatewinter
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andearlyspringeachyear[Quinnetal.,2007].The‘Arctichaze’isknownsincethe

1950sduetoitsassociationwithreducedvisibilityforaircraft[Greenaway,1950].

Isentropictransportfromthemid-latitudesinEuropeandAsiaissupportedbylittle

dryandwetdeposition,andemissionsarerecognizedbyenhancementsofsulfateand

nitrateaerosol,organiccarbon,andsoot[Quinnetal.,2008].However,asshownin

thisstudy,thispathwayisnotonlyimportantinspring,butalsorelevantinearly

winterforSO2aswellasCNparticles.

Troposphericaerosolcaninfluencetheatmosphericradiationbalanceinvariousways

[Quinnetal.,2007].Ascatteringaerosol,suchassulfate,overalowalbedosurface

(e.g.theocean)willreflectincomingsolarradiation,resultinginacoolingofthe

surface. Moreover,hygroscopicpollutionparticlesmaygrowsufficientlylargeto

impacttheradiationbalanceintheArcticbyinteractingwithterrestriallongwave

radiation[MacCrackenetal.,1986]. Whentheclouddropnumberconcentrationof

thinArcticliquid-phasecloudsisincreasedthroughinteractionwithanthropogenic

aerosol,thecloudsbecomemoreefficientattrappingandre-emittinglongwavera-

diation[LubinandVogelmann,2006]. Duringthepolarnight,foralowsunover

brightsurfaces,thelongwaveeffectisexpectedtodominatetheenergybudget.

Itwouldhavebeenofspecialinteresttocalculatetheradiativeforcingduetothe

observedaerosollayerinScandinavia. However,theperturbationoftheradiation

balanceduetoanaerosollayerdependsupondifferentenvironmentalfactorssuch

assurfacereflectivityandsolarzenithangle. Moreover,specificpollutionplume

characteristicshavetobedetermined,suchasaerosolcomposition,sizedistributions,

andverticalprofileofAerosolOpticalDepth(AOD).Unfortunately,sinceadetailed

investigationofaerosollayerswasnotafocusoftheairbornemeasurements,this

analysiswasoutofthescopeforthiscasestudy.

4.2.5Summary

TheArcticisparticularlysensitivetoimportofpollutionfromotherregions.This

studyconfirmsthewinterpathwayfromEastAsiaacrossthenorthpoleandinto

theEuropeanArctic.Itemphasizesthatalsorelativelyshort-livedtracespecies

surviverapidupliftinfrequentlyoccurringcyclonesoverEastAsiaandsubsequent
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long-rangetransportalongthisoutflowroute. Observedpollutionplumesfrom

EastAsiareachtheArcticwithSO2enhancementsofafewhundredpptvabove

background. AlthoughChineseSO2emissionsmightdecreasefurtherinthenext

yearsanddecades,theEastAsianregionwillstillconstituteaverylargeshareof

globalemissions.

Thiscasestudydescribedanddiscussedthefollowingtopics:

•Airborneobservationsofseveraltracespecies(SO2,CO,O3,CN)intheupper

troposphereoverScandinaviaintheframeworkoftheairborneGW-LCycleI

fieldcampaignwithhighestobserved(average)SO2levelsof∆1020(∆490)pptv

abovebackgroundandCNlevelsof∆590/cm3between7.3and8.3kmaltitude

(Q7)

•TheobservationofoneplumewithaverageSO2concentrationsof≈80pptv

atstratosphericaltitude(9.2km)withO3levels>200ppbv(Q6)

•TheapplicationofHYSPLITdispersionaswellasbackwardtrajectorymodel-

ingtodetermineEastAsiaasmajorcontributingSO2sourceregioncontribut-

ingtopollutionlevelsovertheEuropeanArctic

•Evidenceforfastandeffectiveupliftofpollutedairmassesinacyclonemoving

frommainlandChinatothePacific

•TheimportanceofvolcanicemissionsinJapanandEasternRussiaalongthe

travelrouteofairparcelsenteringtheArctic

•AcheckontherobustnessoftheHYSPLITtransportanalysisperformedby

excludingotherpotentialsourcesofSO2

Thenextchaptersumsupthestudies’findings,putsthemintoagreatercontext

andopensperspectivesonhowtobenefitfurtherfromthiswork.
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SO2isacrucialvariableforglobalclimateandclimatechange:sulfurcompounds

exertamajornetnegativecontributiontoradiativebudgetingintheatmosphere

byformationofparticles.Sulfateaerosolscatterssolarradiationandaffectscloud

properties.Duetofavoredaerosolproduction,moleculesprominentincoldregions

areespeciallyrelevantconsideringtheirimpactonclimate–thusespeciallyinthe

uppertroposphere/lowerstratosphere.

MoststrongSO2sourcesarelocatedatground,e.g.powerplants,activitiesingas

andoilindustry,volcanoesorbiomassburning.Atmid-latitudes,frequentlyoccur-

ringcycloneseffectivelyliftpollutedairmassesfromthePBLtouppertropospheric

altitudes. RegionswithstrongcyclonicactivityofftheEastAsiancoastinthe

northernhemisphereandofftheSouthAfricancoastinthesouthernhemisphere

coincidewithstrongSO2emissionregions. There,pollutionlong-rangetransport

andtheexportofemissionsaroundtheglobearepromoted.In-situobservationsof

thoseplumesinremoteregionsaresparse,especiallyinthesouthernhemisphereor

theArctic.

Intheframeworkoftwoairborne measurementcampaigns, DEEPWAVEand

GW-LCycleI,valuabledatawasgatheredconcerningthechemicalcompositionof

SO2-enrichedplumesintheuppertroposphere.Achemicalionizationiontrapmass

spectrometerwasdeployedonboardtheresearchaircraftDLRFalcontomeasure

SO2. Permanentin-flightcalibrationwithisotopicallymarked
34SO2andvarious

laboratorytestswereperformedsoastoensurehighdataqualityinordertomeet

thedemandsoftheanalysis.LODwas12pptvfortheGW-LCycleIand25pptv

fortheDEEPWAVEcampaignforthe5spectraaverage.Therelativeerrorofmea-

suredambientSO2was≈20%between100and500pptv. Themainerror(10%)

isduetotheuncertaintyoftheisotopicallylabeledstandard.Itisrecommended
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toconductregularcomparisonswithbetterconstrainedSO2standardstoreduce

theuncertaintyofthemeasurementeffectively.In-situSO2datawascomplemented

withCNaerosoldataandtracegasmeasurementssuchasCOandO3.

TheHYSPLITmodelwasusedtotracktheoriginoftheemissions. HYSPLIT

dispersionanalysiswasperformedtodeterminetheSO2sourceregioningeneral.In

ordertofollowtheemissions’transportpathinmoredetail,HYSPLITbackward

trajectoryensemblecalculationswereused.Trajectoriesweretestedastowhether

theyovercameacertainpressuredifferenceinalimitedamountoftime(e.g.500hPa

in48hours)andwhethertheyhitthePBL.Thesecriteriawereusedtoindicatethe

effectiveupliftofairparcelsaswellasuptakeofSO2emissions,respectively.

Inthebeginning,threeobjectiveswereidentifiedasvaluableforscientificresearch.

Tothese,thisstudycontributeswithtwocasestudiesasfollows:

Extendin-situdatasetofuppertroposphericSO2mixingratios

Overall,13flightswereperformedduringDEEPWAVEinJuly2014overNew

Zealand. On11July2014,severalpollutedairmasseswereprobedintheup-

pertroposphere.5SO2plumeswerecrossed,withthemostintenseplumeshow-

ingamaximum(average)mixingratioof390(260)pptvat9.5–10.5kmaltitude.

CN(∆CN≈300–500/cm3)concentrationsshowedadistinctpositivecorrelation

withSO2pattern. COconcentrationswereenhancedaswell(max.:≈70ppbv,

∆CO≈5–10ppbv).O3valuesshowthattheairmasseswereoftroposphericorigin

(≈60ppbv).

DuringGW-LCycleI,4flightswereperformedinDecember2013overScandinavia.

Thesecondcasestudyinvestigatestheoriginandchemicalcompositionofpollution

plumesprobedontwoflightson03December2013.8SO2plumeswereprobed,with

themostintenseplumehavingamaximum(average)mixingratioof1020(360)pptv

at7.3–8.3kmaltitude. CN(∆CN≈150–500/cm3)valueswereenhancedaswell

showingsimilarpatterncomparedtoSO2mixingratios. CO(max.: ≈120ppbv)

andO3(max.:≈220ppbv)indicatetroposphericandstratosphericairmasses.
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Investigatelong-rangetransportpatternfromstrongSO2sources

Forthefirstcasestudy,HYSPLITshowsunambiguouslythatemissionsoriginating

fromSouthernAfricawereliftedina WCBtouppertroposphericaltitudes.Subse-

quently,theseairmassesweretransportedacrosstheIndianOceantoNewZealand

inabout4days.AmoredetailedanalysisindicatestheheavilyindustrializedSouth

AfricanHighveldareaasthesourceregion.Overall,theplumescoveredadistance

ofabout11.000kmandwerelikelytotravelfurtheronandstillbedistinguishable

frombackgroundvalues.

Forthesecondcasestudy,HYSPLITindicateslong-rangetransportofEastAsian

emissionsintotheEuropeanArcticforthemajorpartofenhancements(Q1,Q2,

Q3,Q4,Q7).ItseemslikelythatindustrialemissionswereimportedintotheArctic;

however,avolcanicinfluenceonairmassesfromJapanandEasternRussiacannot

beexcluded.Eurasianemissionsmightplayarolefortwoobservationregions(Q3,

Q5). FromEastAsia,astrongcyclonicairstreammovingfrommainlandChina

tothePacificlikelytookupemissionsandliftedthemupward. Forobservations

Q1–Q4both WCBandPBLcriteriawerefulfilled.Althoughairmassesareusually

transportedwiththewesterlywindstotheeast(inthedirectionofNorthAmerica),

thiscasestudyconfirmsanotherpathwaytothenorth,namelyfromEastAsiaacross

theArcticOceantoScandinavia.

ConstrainupliftofSO2emissionsin WCBs

Inthesouthernhemispherecase,anestimatedlossfactorof =24±5wasderived

foranthropogenicpowerplantSO2emissionsfortheHighveldarea.Afterscaveng-

ingwithinthe WCB,withatotaltransportdurationof≈6daysandadistance

coveredof≈11.000km,SO2mixingratioswerestill>100pptv. Acomparisonof

measurements(CO,O3,SO2)withtheglobalchemistrymodelEMACshowsagood

overallagreementforthelonger-livedtracersCOandO3.However,thelocalSO2

enhancementswereunderestimatedbyuptoafactorof2.

IntheArctic,ratherunexpectedly,elevatedlevelsofSO2intheuppertroposphere

stillreachedupto1ppbvafteratraveldurationof9days.Thisislikelyduetothe

darkenvironmentduringthetransportoftheairmassesinpolarwinter.Thiscase
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studyisparticularlyofinterest,sincetheArcticisaverysensitiveregionregarding

pollutionimport,aerosolformationandcorrespondingchangeinradiativeimpact.

Summingup,thesestudiescontributetocurrentscientificknowledgesince

•theyprovidethefirstSO2studiesconcerningWCBupliftandsubsequentlong-

rangetransportfromSouthAfricatoNewZealandandEastAsiatotheArctic,

respectively

•theyextendthesparsereservoirofhighresolutionin-situobservationaldata

oftracegasmixingratiosavailableatthetemporaryendofpathwaysatupper

troposphericaltitudes;sinceSO2mixingratiosarehighlyvariableduetothe

complexinfluenceofvariousatmosphericprocesses,theseobservationsare

especiallyvaluablebecausetheycannotbeforecasteasily

•theyconfirmthattheHYSPLITmodeliswellsuitedtorepresent WCBuplift

andlong-rangetransportoftracers

•theyhighlighttransportpatternswhichmaybequalitativelyexpectedinglobal

circulations,buthavenotbeendiscussedquantitativelyinthescientificliter-

aturesofarasindividualcasestudiesforSO2

•theyprovidetwodetailedstudiesfortheevaluationofregionalmodelsinorder

toimprovetherepresentationoftransportprocesses

•theyemphasizethenecessityoffurtherdevelopmentsconcerningthecorrect

representationofatmosphericprocessesinvolvingsulfurchemistryandassoci-

atedprocessesinglobalclimatemodels

Below,opentasksandnewperspectiveswillbeidentifiedconcerningtheSO2long-

rangetransportwhichwerebeyondthescopeofthepresentstudy.

Airbornedataisveryvaluableinordertodescribeatmospherictracerconcentrations

andprocessesingreatdetail. However,these measurementsareexpensiveand

thusoftensparse,especiallyinremoteregions.Inordertofurtherexplorethe

influenceofmid-latitudinalemissionsonthewinterArcticatmosphere,asuccessive

measurementcampaignwasconductedinJanuary2016.GW-LCycleIIwasbased
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inKirunaaswellanddeployedthesamepayloadaboardtheDLRFalcon20. A

comparisonofresultswillhelptoclassifythesignificanceofthisstudy.

Forthenorthernhemisphereanalysis,dispersioncalculationonlyappliedtoEurope,

EastAsiaandNorth-EastAmericaassourceregions. Thiswasareasonablefirst

approach,sincethoseregionscomprisethemajorityofemissions.However,itwas

shownthatfuturestudiesshouldincludeEurasiaasaSO2sourceregionaswell,

sincethisareaturnedouttoberelevantfortheArcticasdestinationregion.For

thesamereason,volcanicactivitiesshouldbeconsideredasasourcedomain.Since

volcanoesmayvaryintheiremissionstrength,itisrecommendedtoidentifyactive

volcanoesduringthemeasurementcampaigntimeperiodandtotakethemintoac-

countintheinventoryspecifically.

Moreover,onlyGDASwinddatawasavailableformodelcalculations. Compar-

isonswithindependentdataweremadeusingdifferentsourcesforsatelliteimages,

radiosondesaswellasmeteorologicaldatafromECMWF.However,itwouldbe

valuabletodirectlyconstrainoneoftheuncertaintiesinmodelcalculationsusinga

differentwindfieldinput,e.g.fromECMWF1.

Adetailedanalysisofdistinctatmosphericeventsprovidesusefuldatatotestand

evaluatemodelcalculationsandtheirrepresentationofglobalsulfurchemistry,sul-

fateformationandassociatedatmosphericprocesses.Anexemplarycomparisonof

airbornemeasurementswithEMACmodelcalculationsshowsthatmodelcalcula-

tionscanstillbeimproved.Theyarenecessarytograspatmosphericprocessescom-

prehensivelyinordertopredictfuturechangescorrectly.Sulfurdioxidemolecules

underliecomplexlossprocessessuchaschemicalconversion,scavengingoraerosol

formation.Sincesulfurdioxidechemistryiswellunderstood,particularlythephys-

icalprocessesshouldbeinvestigatedmorethoroughly.AirborneLagrangianexperi-

mentswithSO2aswellasanextensiveaerosolinstrumentationshouldbeperformed

closetotheemissionsourceinthePBL,withinupliftandoutflowandafterseveral

daysoftransportintheuppertroposphere. Thiswouldprovidemoreconstraints

regardingthesource-receptorrelationships.

Bothoftheemissionregionsdiscussed,SouthAfricaaswellasEastAsia,will

1TheadaptedHYSPLITversionatDLRisundercontinuousdevelopment;somerecommendations
ofthisstudyarealreadysolved.
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5Summary,ConclusionsandPerspectives

verylikelycontinuetoplayasignificantroleinglobalatmosphericpollutioninthe

nextyearsanddecades. Moreover,theinvestigatedtransportpatterntakeplace

frequently. Bothcasestudiesdiscussedarewellsuitedtopointoutthatstrong

localemissionsareinterconnectedwithglobalimpactonclimate.Theinternational

communityisobligedtotakemeasuresagainstregionalemissionsnotonlytoreduce

healthconcerns,butinordertofightclimatechangefromaglobalperspective.

150







A ListofFigures

2.1 Threestagesofpollutionlong-rangetransport................. 7
2.2 SO2moleculestructure.............................. 8
2.3 Maindriversofradiativeforcingestimatesin2011relativeto1750..... 11
2.4 Radiativeforcingbysulfateaerosolbetween1850and1990......... 12
2.5 GlobaltotalanthropogenicSO2emissionsinJuly2014............ 16
2.6 RegionalandsectorialtrendsinglobalanthropogenicSO2emissions.... 17
2.7 TotalanthropogenicSO2emissionsDecember2013inEastAsia....... 20
2.8 TotalanthropogenicSO2emissionsinJuly2014inSouthAfrica....... 22
2.9 MODISfireactivityforthetimeperiod30June2014–09July2014..... 23
2.10 Globalwindpatternatthesurface....................... 26
2.11Schematicofmid-latitudinalcyclone...................... 28
2.12 WCBactivityregionsinwinter......................... 29
2.13 MajortransportpathwaysintotheArctic................... 31
2.14 MajortransportpathwaysoverSouthernAfrica................ 32
2.15Schematicofsulfateaerosolformationintheatmosphere........... 36

3.1 DLRDassaultFalcon20Eresearchaircraft.................. 42
3.2 AirbornepayloadforGW-LCycleIandDEEPWAVEmissions........ 43
3.3 CI-ITMSinstrumentdeployedinaircraft.................... 43
3.4 SetupofCI-ITMSinstrument.......................... 47
3.5 Electrodearrangementiniontrap....................... 48
3.6 StabilitydiagramforstablesolutionsofMathieuequations......... 50
3.7 Exemplarymassspectrumfor50–140amu................... 53
3.8 Contributionstomasspeaksat112and114amu:Kss,Ksa,Kas,Kaa.... 54
3.9 Compositionofgasflowsintothesystem.................... 56
3.10 Massspectrumzoomedon112and114amu.................. 57
3.11LinearityofSO2signal.............................. 58
3.12ContributingerrorstoSO2measurements................... 61
3.13Calibrationofcriticalorifice........................... 62
3.14Dependenceofinstrumentalbackgroundonwatervapor........... 64
3.15RelativeerrorofambientSO2concentration.................. 65
3.16CondensationParticleCounter......................... 67
3.17TotaltransmissionefficiencyforCPCs..................... 69
3.18HYSPLITClientInterfaces........................... 74

i



A ListofFigures

3.19EDGARlogo................................... 75
3.20SO2emissionsinNorth-EastAmerica,EastAsiaandEurope........ 76
3.21 MACCitylogo.................................. 77
3.22SO2emissionsinSouthAmerica,SouthAfricaandSouth-Eastern..... 78
3.23HYSPLITverticalresolution.......................... 80

4.1 DEEPWAVElogoandparticipatinginstitutes................. 86
4.2 OverviewofDEEPWAVEmission:FlightroutesandSO2profiles...... 87
4.3 Meteorologicalsituationon11July2014overNewZealand......... 89
4.4 Timeseriesoftracespeciesforflightson11July2014............. 91
4.5 ScatterplotsforpairsofSO2,CNandCOforP1,P3andP4........ 93
4.6 HYSPLITSO2mixingratiosoverNewZealandon11July2014....... 95
4.7 HYSPLITcalculationsandin-situobservationson11July2014....... 96
4.8 BackwardtrajectoryensemblesforobservationsP1–P5............ 98
4.9 Applicationof WCBandPBLcriteriatoP1–P5............... 99
4.10HYSPLITforwardtrajectoriesfromPretoriafor05July2014........100
4.11Six WCB/PBLtrajectoriesfor06UTCfrom05Julyto11July2014....102
4.12 Geopotentialandsatelliteimagesfor05–07July2014............103
4.13EvolutionoftrajectoriesfromSouthAfricatoNewZealand.........104
4.14RadiosondedatafromFALEstationinSouthAfrica.............105
4.15SurfacewindsoverSouthAfricafor04–06July2014.............106
4.16SatelliteimagesoverNewZealandfor10–11July2014............110
4.17ActivevolcanoesduringDEEPWAVEcasestudy...............111
4.18ComparisonofO3andCOmeasurementswithEMAC............113
4.19ComparisonofSO2measurementswithEMAC................114
4.20OverviewofGW-LCycleImission:FlightroutesandSO2profiles......118
4.21 Meteorologicalsituationon03December2013overScandinavia.......119
4.22SO2profilesandflightroutesfor03December2013markedforQ1–Q8...120
4.23TimeseriesoftracespeciesforflightAon03December2013.........122
4.24TimeseriesoftracespeciesforflightBon03December2013.........123
4.25HYSPLITSO2mixingratiosoverScandinaviaon03December2013....125
4.26HYSPLITEastAsianSO2mixingratiosforQ1–Q3.............127
4.27HYSPLITEastAsianSO2mixingratiosforQ4–Q7.............128
4.28BackwardtrajectoryensemblesforobservationsQ1–Q5andQ7.......130
4.29Applicationof WCBandPBLcriteriatoQ1–Q5andQ7...........132
4.30PathwayofexampletrajectoriesforQ1–Q4andQ7..............133
4.31BackwardtrajectoryensembleforQ6......................135
4.32 GeopotentialandsatelliteimageoverEastAsiafor26November2013...136
4.33 MODISfiremapaboveEuropeandEastAsiafor17–26Nov2013......137
4.34ActivevolcanoesduringGW-LCycleIcasestudy...............138
4.35SatelliteimagesoverEuropefor03December2013..............141

ii



B ListofTables

2.1 In–situmeasurementsofpollutionlevelsindifferentregionsinChina.... 21

3.1 Measuredspecies,techniques,instrumentsandtheirpositions........ 44
3.2 Instrumentsettingsoftheiontrap....................... 51
3.3 BandyfactorsKsa,Kss,Kas,Kaa........................ 55
3.4 LimitOfDetectionforSO2measurements................... 60
3.5 ParametersxneededforSO2measurements.................. 63

4.1 ObservationsP1–P5duringDEEPWAVE................... 92
4.2 InitializingconditionsforbackwardtrajectoriesP1–P5............ 99
4.3 ComparisonofEMACmodelandmeasurementvalues............115
4.4 ObservationsQ1–Q8duringGW-LCycleI...................121
4.5 InitializingconditionsforbackwardtrajectoriesQ1–Q5andQ7.......131
4.6 WCBandPBLcriteriaforbackwardtrajectoriesQ1–Q5andQ7......131

iii





C ListofAbbreviations

ACCENT........ AtmosphericCompositionChangeTheEuropeanNetwork

ACCMIP........ AtmosphericChemistryandClimateModelIntercomparisonProject

AGC............ AutomaticGainControl

AGL............ AboveGroundLevel

AHTD........... AbsoluteHorizontalTransportDeviation

AIREP.......... AIrcraftREPeport

AMAP.......... ArcticMonitoringandAssessmentProgramme

amu.............arbitrarymassunits

AOD............ AerosolOpticalDepth

AR.............. AssessmentReport(oftheIPCC)

CCN............ CloudCondensationNuclei

CI............... ChemicalIonization

CI-ITMS........ ChemicalIonization-IonTrapMassSpectrometry

CIMS............ ChemicalIonizationMassSpectrometry

CityZEN........ megaCITY-ZoomfortheEnvironment

CN.............. CondensationNuclei

CPC............. CondensationParticleCounter

DEEPWAVE.... DeepPropagatingGravityWaveExperiment

DJF............. DecemberJanuaryFebruary(northernhemisphericwinter)

DLR............. DeutschesZentrumfürLuft-undRaumfahrt

DMS............ DimethylSulfide,CH3SCH3

DOAS........... DifferentialOpticalAbsorptionSpectroscopy

EA.............. EastAsia(HYSPLITsourceregion)

ECA............ EmissionControlArea(foremissionsfromshipping)

ECCAD......... Emissionsofatmospheric Compound&CompilationofAncillary
Data

ECHAM5........ ECMWF,HAMburg,version5

ECMWF........ EuropeanCentreforMedium-RangeWeatherForecasts

EDGAR......... EmissionDatabaseforGlobalAtmosphericResearch

v



C ListofAbbreviations

EGM96.......... EarthGravitationalModel1996

EI............... ElectronImpactIonization

EMAC.......... ECHAM–MESSyAtmosphereChemistry

ERA............ ECMWFRe-Analysis

Eu............... Europe(HYSPLITsourceregion)

FGD............ FlueGasDesulfurization

FT.............. FreeTroposphere

FWHM.......... FullWidthHalfMaximum

GAINS.......... GreenhouseGasAirPollutionInteractionsandSynergies

GDAS........... GlobalDataAssimilationSystem

GDP............ GrossDomesticProduct

GEIA........... GlobalEmissionInitiAtive

GNS.............InstituteofGeologicalandNuclearSciencesLtd.(NewZealand)

GOME.......... GlobalOzoneMonitoringExperiment

GOME–2........ GlobalOzoneMonitoringExperiment-2

GPS............. GlobalPositioningSystem

GW-LCycleI.... GravityWave-LifeCycleI

GW-LCycleII... GravityWaveLifeCycleII

HYSPLIT....... HYbridSingle-ParticleLagrangianIntegratedTrajectory(model)

IASI.............InfraredAtmosphericSoundingInterferometer

IMO.............InternationalMaritimeOrganization

IPCC............IntergovernmentalPanelonClimateChange

IR...............Infrared

ITCZ............InnertropicalConvergenceZone

JJA............. JuneJulyAugust(southernhemisphericwinter)

JMA............ JapanMeteorologicalAgency

JRC.............JointResearchCentre

LIDAR.......... LightDetectionAndRange

LOD............ LimitOfDetection

MACC.......... MonitoringAtmosphericCompositionandClimate

MACCity........ MACCCityZEN

MECCA......... ModuleEfficientlyCalculatingtheChemistryoftheAtmosphere

MESSy2......... ModularEarthSubmodelSystem,seconddevelopmentcycle

MFC............ MassFlowController

MIPAS.......... MichelsonInterferometerforPassiveAtmosphericSounding

MODIS.......... ModerateResolutionImagingSpectroradiometer

vi



C ListofAbbreviations

MSL............. MetersaboveSeaLevel

NASA........... NationalAeronauticsandSpaceAdministration

NCEP........... NationalCentersforEnvironmentalPrediction

NEA............ North-EastAmerica(HYSPLITsourceregion)

NIST............ NationalInstituteofStandardsandTechnology

OMI............. OzoneMonitoringInstrument

PAN............. PeroxyacetylNitrate

PBL............. PlanetaryBoundaryLayer

PFA............. Perfluoroalkoxy(afluoropolymer)

PLC............. ParticleLossCalculator

PM10............ParticulateMatterwithdiameters<10µm

PM2.5 ...........ParticulateMatterwithdiameters<2.5µm

PRD............ PearlRiverDelta(China)

RF.............. RadiativeForcing

RH.............. RelativeHumidity

RHTD........... RelativeHorizontalTransportDeviation

SAF.............SouthAfrica(HYSPLITsourceregion)

SAFARI.........SouthernAfricanFire-AtmosphereResearchInitiative

SAM............ SouthAmerica(HYSPLITsourceregion)

SE...............SouthEastern(HYSPLITsourceregion)

SHvol............SouthernHemisphericvolcanicemissions(HYSPLITsourceregion)

slm..............standardlitersperminute

SPARC..........Stratosphere-troposphereProcessesAndtheirRoleinClimate

std..............standard

STP.............StandardTemperature(273.15K)andPressure(1013.15hPa)

TAS............. TrueAirSpeed

TIL............. TropopauseInversionLayer

TIR............. ThermalInfrared

TMP............ Turbomolecularpump

TOMS........... TotalOzoneMappingSpectrometer

UAS............. UnmannedAerialSystem

UMAQS......... UniversityofMainzAirborneQCLSpectrometer

UTLS........... UpperTroposphereLowerStratosphere

UV.............. Ultraviolet(radiation)

V-CDT.......... Vienna-CanyonDiabloTroilite,referencematerialforSO2isotopes

VAAC........... VolcanicAshAdvisoryCenter

vii



C ListofAbbreviations

WCB............ WarmConveyorBelt

WGS–84......... WorldGeodeticSystem1984

WHO............ WorldHealthOrganization

ZA.............. ZeroAir(asyntheticairmixture)

viii



D ListofSymbols

[A]..............concentrationof(trace)gasA

[E±].............concentrationofeductions

[P±].............concentrationofproductions

[X]..............backgroundcorrectedionsignalintensityatXamu,X={112,114}

∆G.............. Gibb’sfreeenthalpy

∆T..............differencebetweensaturatorandcondensertemperature

................lossfactorofSO2emissionsandobservations

Φ̂(ρ,z,t).........potentialiniontrapincylindricalcoordinates(ρ,ϕ=0,z)

σ̂................independentinternalpressurescalevariableinHYSPLIT
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